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Zusammenfassung
Detritische Thermochronologie wird in geologischen Studien häufig zur Quantifizierung
thermo-tektonischer Entwicklungen an Orogenen verwendet und zwar unter Anwendung
ihrer Erosionsprodukte. Folglich ist es notwendig den Einfluss der Erosionsprozesse auf die
Altersverteilung zu verstehen. Beispielsweise muss für die Berechnung von Apatit (U-Th-
Sm)/He (AHe) Alter eine Korrektur, für den Helium-Verlust (über alpha-Strahlung) an den
Kornrändern, vorgenommen werden. Jedoch ist in detritischen Proben der, an Helium ver-
armte Kornrand, bereits mechanisch oder chemisch durch den Sedimenttransport abradiert,
was zu einer Überkorrektur der AHe Alter führt.
Folglich wird im ersten Teil dieser Thesis auf die Entwicklung einer geeigneten Beprobungs-
strategie eingegangen, um den Effekt der Abrasion an Apatitkristallen zu messen. Wir nah-
men Sandproben aus dem oberen Einzugsgebiet des Kali Gandaki Flusses im zentralen Nepal
um regelmäßig abradierte Apatite zu finden. Proben des magmatischen Ausgangsgesteins
(Mustang Granit) wurden zusätzlich mit der AHe und der Apatite Spaltspur (AFT) Methode
datiert um das Alter des Ausgangsgesteins festzustellen. Das Ergebnis der detritischen
AHe Alter der Sandproben ist in guter Übereinstimmung mit den publizierten geologischen
Befunden. Die Alter geben außerdem erste Hinweise auf die langfristige Erosions- und
Exhumierungsgeschichte des Mustang-Thakkhola grabens, wovon bisher praktisch keine
thermochronologischen Daten existieren. Des Weiteren demonstrieren wir, dass Abrasion
von detritischen Apatitkörnern hauptsächlich durch den Transport im Fluss resultiert und
zwar während der ersten Flusskilometer. Wir finden außerdem Hinweise, dass die beste
Herangehensweise bei detritischen Proben, eine Analyse einer homogenen Korn-Population
ist. Aber in diesem Fall muss der Grad der alpha-Korrektur sorgfältig bedacht werden
um diejenige Verteilung der AHe Alter zu erhalten, die am besten die zugrundeliegenden
Abkühlungsmuster repräsentiert.
Generell wird detritische Thermochronologie durch die Anwendung mehrerer Methoden
verbessert. Um die Abkühlungsgeschichte des Mustang Graben besser aufzulösen, wurden
die AHe Daten mit detritischen AFT Altern gekoppelt. Um die kombinierte Altersverteilung
aussagekräftig zu interpretieren, wurden die AHe und AFT Alter mit synthetisch generier-
ten Altern in einem numerischen Modell verglichen. Das Modell sucht nach der besten
Übereinstimmung zwischen den synthetischen und realen Altern und vergleicht zudem die
Übereinstimmung mit variierenden Parametern, die z.B. tektonische Ereignisse wiederspie-
geln. Die Hauptaussage dieser Studie ist der klare Beleg für das Einsetzen der Extension
zwischen 13 und 11 Ma. Wird dieses Ergebnis im strukturellen Kontext interpretiert, scheint
der Thakkhola Graben vermutlich Teil eines größeren Systems zu sein, das die Arc-parallele
Extension aufnimmt und somit zeitlich ähnlich einzuordnen ist. In einem dritten Schritt
werden detritische AHe Alter in Bezug zu Erosionsraten gesetzt, die über kosmogene Nukli-
den (10Be) bestimmt wurden. Dazu beprobten wir 14 detritische Sandproben aus dem Fluss
und 3 Grundgebirgsproben vom südlichen Rand des Shillong Plateaus um Erosionsraten
mit dem terrestrischen kosmogenen Nuklid 10Be zu bestimmen. Erosionsraten, abgeleitet
von kosmogenem 10Be aus einem tief eingeschnittenem südlichen Tal des Shillong Plateaus
fallen überraschenderweise niedrig aus (50 bis 80 m/my) für eine bergige, tektonisch aktive
Region, in der über 7 m/a Regen fällt. Durch unsere Erosionsraten, die über das Einzugsgebiet
gemittelt wurden und durch Schätzungen über die erodieren Sedimentvolumina konnten wir
die Dauer der Einschneidung in die eingeschnittenen Bereiche der Landschaft quantifizieren,
wodurch wir wiederum den Beginn der Hebung bestimmen können. Die resultierenden
Werte variieren zwischen 4.4±0.6 und 4.6±0.7 Ma und passen gut zu einigen externen
Abschätzungen und zu vorhandenen niedrigtemperatur Thermochronologie-Daten und bieten
damit eine robuste Abschätzung für den Beginn der Hebung.
Zusammenfassend zeigen die Ergebnisse der Thesis deutlich, dass detritische Apatit (U-Th-
Sm)/He Thermochronologie, besonders in Kombination mit anderen Methoden, wie der Apa-
tit Spaltspur Methode oder der Datierung mit kosmogenen Nukliden, eine effektive Methode
ist um spezielle Probleme im Bereich der Geodynamik und tektonischen Geomorphology
anzugehen.
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Abstract
Detrital thermochronology is commonly utilized in geological research to quantify the
thermotectonic history of orogens by looking at their erosional products. As such,
understanding how the erosional processes influence the age distribution is necessary.
For instance, the calculation of apatite (U-Th-Sm)/He (AHe) ages requires a correction for
He loss by α-ejection at grain margins. However, in detrital minerals, the He-depleted outer
part of the grain may be mechanically and chemically abraded during sediment transport,
leading to over-correction of AHe ages.
Consequently, in the first part of the thesis, the focus is directed on developing an appropriate
sampling strategy to measure the effect of the abrasion on the apatite crystals. We took
sand samples from the upper drainage of the Kali Gandaki River in central Nepal in order
to find continuously abraded apatites. Samples of the igneous source rock (the Mustang
granite) were also dated by AHe and apatite fission track (AFT), to pinpoint the age signal
of the source rock. The resulting distribution of detrital AHe ages of sand samples is in
good agreement with published geologic constraints and provide the first evidence on the
long-term erosion and exhumation history of the Mustang-Thakkhola graben, where virtually
no thermochronological constraint yet exists. Furthermore, we demonstrate that abrasion of
the detrital apatite grains is a major consequence of river transport within the first kilometres
of river transport. We find evidence that the best approach in detrital settings is to analyse a
homogeneous grain population but, in this case, the degree of α-correction application has
to be considered carefully to achieve the distribution of the AHe ages that best represent the
underlying cooling patterns.
Furthermore, detrital thermochronology is enhanced by applying multiple techniques: to
better resolve the cooling history of the Mustang graben, the AHe dataset is integrated with
detrital AFT ages. To robustly interpret the combined age distribution, these AHe and AFT
ages are compared to synthetic age predicted by a numerical model. The model finds the
best agreement between synthetic and real data, by varying a set of parameters that relate to
tectonic events and comparing,. The main outcome of the study is the clear constrain of the
onset of extension between 13 and 11 Ma. When this result is interpreted in the frame of
other neighbouring extensional structures, the Thakkhola graben appears as part of a larger
system that accommodates arc-parallel extension and thus share a common timing of onset.
In a third and final step, detrital AHe ages are is related to erosion rates obtained with
cosmogenic nuclide 10Be. We collected 14 detrital river sand and 3 bedrock samples from
the southern margin of the Shillong Plateau to measure erosion rates using the terrestrial
cosmogenic nuclide 10Be. Erosion rates derived from cosmogenic 10Be from the deeply
incised southern valleys of the Shillong Plateau are surprisingly low (50 to 80 m My−1) in
a region that is steep, tectonically active, and receives > 7 m of annual rainfall. From our
measured catchment-averaged erosion rates and estimates of the incised sediment volumes,
we quantify the temporal duration of incision in the incised portion of the landscape, which
we in turn relate to the onset of surface uplift. The resulting estimates, ranging from 4.4±0.6
to 4.6±0.7 Ma, match well with a set of external constraints and available low-temperature
thermochronology data, and thus appear to provide a robust estimate for the initiation of
surface uplift. In summary, the findings of this thesis highlight that detrital apatite (U-Th-
Sm)/He thermochronology, especially in combination with other methods, such Apatite
Fission Tracks or Cosmogenic Nuclide dating, is an effective method to address specific
problems in the field of geodynamics and tectonic geomorphology.
Keywords: Exhumation, Erosion, Apatite (U-Th-Sm)/He, AFT, Cosmogenic 10Be, Himalaya,
Thakkhola-Mustang graben, Shillong Plateau
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1
Introduction
1.1 Motivation and objectives
Quantifying long-term erosion processes in a drainage basin is a key requirement to unravel
the fundamental but still poorly understood relationship between tectonics, erosion and
climate. To achieve this task, several isotopic methods have been developed in recent
years, such as Terrestrial Cosmogenic Nuclides (TCN) dating or detrital low temperature
thermochronology, such as Apatite Fission Track (AFT) or Apatite U-Th-Sm/He (AHe).
These dating methods are based on the temperature-sensitive accumulation of 4He (AHe) or
fission tracks (AFT) in the lattice of apatite crystals during the decay of heavy radionuclides.
The retention of 4He and the fission tracks strongly depends on temperature: at high
temperatures the 4He produced will diffuse in the surrounding environment and the tracks
will anneal, while at low temperatures both products will be mostly retained. The temperature
where accumulation outweighs diffusion/annealing is the so called "closure temperature"
(Dodson, 1973, Fig. 1.1).
Amongst the routinely used thermochronological methods, AFT and AHe have the lowest
closure temperatures, and offer therefore unrivalled opportunities to study near surface
tectonic process. Slight differently, the Cosmogenic nuclides dating method relies on the
accumulation of Cosmogenic nuclides on the earth surface due to interaction of cosmic rays
and the exposed rocks. The application of these methods to derive the spatially-averaged
denudation/exhumation rate relies on the sediments produced by erosion of the drainage
basins.
The dynamic processes of erosion and sediment transport (Fig. 1.1) are fundamental
mechanisms of landscape formation, in response to climate and tectonics. These processes
can be exploited in detrital studies by obtainings samples that are directly linked to the
catchment they were derived from. Nonetheless, these "erosional products" are used in two
slightly different ways in thermochronological or cosmogenic detrital studies: one where the
detrital grains come from modern sand samples and are directly linked to the catchment they
derive from (target of this study), and another where they come from sedimentary deposits.
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Figure 1.1: Illustration of the thermal and cosmogenic processes that constitute the basis of the
methods used to derive exhumation/denudation rates in a catchment. All the geomorphic proces-
ses contained in the drainage contribute to spatially average integrated denudation/exhumation
rates. After Ehlers and Farley (2003); von Blanckenburg (2005). The yellow star represents the
hypothetical the catchment outlet sample.
Samples coming from sedimentary rocks bear the signal from the exhuming areas at the time
of deposition, including a lag time due to transport. This relationship with the source area
will fade out in thermochronological studies as soon as the sedimentary rock undergoes burial
heating (van der Beek et al., 2006). The same concept is applicable to detrital cosmogenic
nuclides to obtain paleo-erosion rates from old sediments, but instead of burial heating the
method is limited by the decay and the half-life of the nuclide.
All the methods used, either AHe, AFT or TCN, require careful considerations of several
factors potentially influencing the connection between the sampled sand and the bedrock
erosion signal, such as (i) distribution of lithology; (ii) distribution of erosion; (iii) erosion
mechanisms and the relative sand size produced; (iv) the duration and mechanism of sediment
transport (Fox et al., 2015).
Intuitively, the lithologies underlining the various catchments are critical in providing the
mineral of interest, as several studies show for apatite (Malusà et al., 2016) and quartz in 10Be
studies (Carretier et al., 2015). Nonetheless, the distribution of erosion within a catchment is
another very important factor to consider: thermochronological ages might be used to trace
where erosion is taking place, by comparing the obtained age distribution to the one predicted
by the hypsometry of the basin (Brewer et al., 2003), either due to fluvial erosion (Stock
et al., 2006; Vermeesch, 2007) or to glacial processes (Ehlers et al., 2015). Not only the
spatial distribution but also the mechanism should be carefully considered: accelerated linear
erosion rates due to human impact influence the measured cosmogenic nuclide concentration,
as shown in Sri Lanka (von Blanckenburg, 2004) or in SW China (Schmidt et al., 2016). In
the same manner, the predominant erosional process needs to be considered for each specific
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catchment; for instance, if bedrock landsliding is an important factor then catchment area
must be sufficiently large to accurately evaluate erosion rate with TCN (low ratio of landslide
versus weathering rates Niemi et al., 2005).
A final aspect to consider is the mechanical resistance of the target mineral, specifically
all the processes that tend to reduce its abundance in the sediments. Some minerals are
more resistant than others to both chemical and physical degradation, like quartz in TCN
applications or zircon in thermochronology. In the case of apatite, however, the uncertainties
are larger and it has been demonstrated that the dissolution of apatite in soil-like conditions
are 2 to 3 orders of magnitude faster than those of most other common rock-forming minerals
(Kowalewski and Rimstidt, 2003). Reiners et al. (2007) found indications that hillslope-
derived apatites are mostly absent in the river sediments. An open question is to what degree
apatites abrade during river transport, which is important to know in a system that relies on
grain morphology to calculate the ages: apatite are routinely corrected by calculating the
amount of 4He lost in the grain margins through ejection of the isotope (Ft).
The initial goal of this dissertation is to investigate the issues of Ft correction, river transport
and grain quality affecting the detrital application of AHe. Furthermore, other methods such
as Fission Tracks and Cosmogenic Nuclides can be used to expand the application of AHe
to detect rates of exhumation/erosion. To investigate these problems, the Himalayas were
chosen as a natural laboratory.
The world’s highest orogen is increasingly studied to understand the interplay between large
scale continental collision and climate. In order to do so, new areas must be investigated
and the rates of tectonic and erosional processes, spanning from million to thousand of
years, better quantified. Two of these areas were selected (Fig. 1.2), with contrasting
geo-climatic settings: the dry and extensional Thakkhola-Mustang graben and the humid
anticlinal structure of the Shillong plateau. Both are key places to unveil geodynamics
questions using detrital products, being isolated and dominated by river erosion.
The main scientific objectives of this thesis are hereafter summarized:
• Understanding the abrasion patterns of apatites in a river environment
• Linking the obtained results and the tectono-sedimentary evolution of the Mustang
graben
• Infer the regional tectonic evolution with the combination of detrital AHe and AFT
• Coupling detrital AHe with catchment-averaged Cosmogenic nuclide from the Shillong
Plateau
• Interpreting the results in the context of a long-term interplay of climate and tectonics
of the Shillong Plateau.
More specifically, chapter 2 will introduce the details of the methods used and the geological
context of the studied areas in the Himalayas. The third chapter addresses the problem of
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Figure 1.2: Generalized map of the Himalaya and Tibetan Plateau with main topographic features.
Light shading indicates elevations above 4000 m; dark shading indicates elevations lower than
3000 m. Dashed lines represent boundaries between the western, central, and eastern Himalaya.
The distribution of active faults is after Taylor and Yin (2009).NP—Nanga Parbat; NB—Namche
Barwa. Study areas are indicated by red boxes: TG-Thakkhola graben; SP- Shillong Plateau.
detrital apatite U-Th-Sm/He thermochronometry, specifically the abrasion patterns of detrital
grains and the problems arising in using the alpha-correction. In chapter 4, the Fission Tracks
data from the same set of detrital samples are introduced. The thermochronology is then
coupled with a numerical model to extract information on the main exhumation events that
affected the graben. Chapter 5 presents new cosmogenic nuclide data from the Shillong
Plateau: the measured erosion rates are coupled with a topographic analysis to obtained an
estimate of surface uplift, that is sequentially linked to existing detrital AHe, to obtain a
robust reconstruction of the plateau’s surface uplift history. In a final chapter, the highlights
and the main findings of the thesis are summarized, and some of the perspective and open
questions that emerged are presented. Chapter 3-5 are written as manuscripts for submission
to international journals. As a result, some redundancy is present in the background material.
Each chapter, however, offers different approaches to the problems at hand, involving several
analytical and quantitative techniques.
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1.2 Declaration of co-author contributions
The aforementioned chapter 3, 4 and 5 are written as stand alone articles that are or shall be
published in peer-reviewed journals. The development of the manuscripts involved various
stages of cooperation and contribution with several co-authors, whose individual contribution
will be elucidated in this section.
• Chapter 3: How does grain abrasion during sediment transport affect the age patterns
(U-Th-Sm)/He detrital apatite? An example from the Kali Gandaki river long the Thakkhola-
Mustang graben (Central Nepal)
Authors: Ruben Rosenkranz, Mohammad S. Sohi and Cornelia Spiegel
Status: To be submitted to Chemical Geology
The dataset utilized in this study comes from a field campaign conducted in May 2014. I
organized and planned the sampling strategy and sample shipment. I confirm that I produced
the entirety of the AHe data, with the exclusion of three aliquots from the Mustang granite
that were analysed by MS.S. I carried out the interpretation, created all figures utilized and
wrote all sections of the manuscript. C.S. greatly improved the structure and scientific rigour
with the review.. (Personal contribution: 80 %)
• Chapter 4 Mid-Miocene orogen-parallel extension in the Takkhola-Mustang graben
(central Nepal) as revealed by detrital apatite.
Authors: Ruben Rosenkranz, Jean Braun, Jessica Stanley, Maximilian Zundel, Cornelia
Spiegel
Status: To be submitted to Tectonics
I confirm that I developed the main concept, performed the model runs, produced all the
figures and wrote most of the sections of the manuscript. The Fission Track dataset for this
study has been prepared in collaboration with co-author M.Z., that measured the Fission
Track ages and helped with the Hefty inverse model. J.B. wrote the numerical model to
predict detrital age distributions and Jessica Stanley made some crucial modifications. The
interpretation of the numerical model results benefited by regular discussion with the co-
authors J.B. and J.S. (Personal contribution: 80 %)
• Chapter 5 Coupling denudation rate and topography in the rainiest place on Earth:
Reconstructing the Shillong Plateau uplift history with in-situ cosmogenic 10Be
Authors: Ruben Rosenkranz, Taylor Schildgen, Hella Wittmann, Cornelia Spiegel
Status: Published in Earth and Planetary Science Letters
I confirm that I developed the general concept, sampling strategy and carried out field work.
T.S. made essential contributions in adapting the sampling strategy to suit the cosmogenic
nuclide method. I processed all the samples used in the paper, under the supervision of H.W.
The interpretation of the data was continuous process that benefited essentially from regular
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discussions with the co-authors. I confirm that I created all the figures and tables and all
sections of the manuscript. The manuscript greatly improved with thorough review of T.S.
(Personal contribution: 80 %)
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Methods and regional context
2.1 Data and Methods
The thermochronological and cosmogenic nuclides dataset were obtained in two different
research expedition to the indian sub-continent, the first during May 2014 in the Thakkhola-
Mustang area (central Nepal) and the second during March 2015 in the Shillong Plateau
area (north-east India). Data acquisition focused on thermochronology from the Thakkhola-
Mustang graben, and the laboratory analyses were entirely conducted at the University of
Bremen. For the Shillong samples the focus shifted on gathering information on erosion
rates from Cosmogenic Nuclide dating and the laboratory analyses were mostly conducted at
the Geologisches Forschung Zentrum in Potsdam (14 samples), with a small subset of four
samples that were processed in the new cosmogenic laboratory at the university of Bremen.
In the next three section the methodological detail of the methods used will be elucidated,
with a focus on how these are applied in detrital settings.
2.1.1 Apatite (U-Th-Sm)/He
U
Th
Sm T	≳	85°C	=	complete	loss
T	≲	40°C	=	retention
4Diﬀusion	of	 He
Figure 2.1: Schematic visualization of apatite (U-Th-Sm)/He
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Radiogenic He-dating is based on the ingrowth of α particles inside the crystal lattice over
time, such as:
d[He]
dt
=
n∑
i=1
d[Pi]
dt
with :
d[Pi]
dt
= −λi[Pi] (2.1)
where dt is time, d[He] is the helium concentration, [Pi] is the abundance and λi is the decay
constant of the ith parent nuclide. Common radionuclides contributing to helium abundance
are 238U, 235U, 232Sm and 148Th (see Fig. 2.1). As the parent nuclides decay into the next
isotope of the reaction chain, an 4He particle is emitted and the thermal circumstances will
determine its behaviour. Above >80 °C, helium particles will diffuse out of the crystal lattice,
whereas between 80 and 40 °C, partially retained and this temperature range is the so-called
Partial Retention Zone (PRZ). Below this temperature 4He will be quantitatively retained.
A fraction of alpha particles is however always lost from the grain, due to the stopping
distance of 20 µ at the grain’s edge, and the resulting gradient of depleted concentration at
the crystal edges has to be taken into account. This is routinely done using the alpha ejection
correction proposed by Farley et al. (1996). With the same mechanism, but in the opposed
direction, neighbouring minerals high in U,Th and Sm, sources of external helium, will result
in implantation of energetic alpha particles in the apatite crystal (Spiegel et al., 2009). In this
case, abrasion of ∼ 20 µ of the outer grain might mitigate the impact of ejection, implantation
and zonation in real samples (see Fig. 2.2).
Figure 2.2: Effect of abrasion and removal of apatite’s rim
2.1.2 Apatite Fission Track
The AFT method is based on the spontaneous fissioning of 238U that causes radiation damage
(fission tracks) in the crystal lattice. The method is temperature sensitive, because with
temperatures above ∼110 °C, most of the tracks are fully annealed, whereas tracks are only
partially annealed between ∼110 and 60°C (Partial Annealing Zone, PAZ). The range of
temperatures relates to crustal movements in a depth of ∼5 to ∼2 km of the upper crust,
depending on the geothermal gradient of the investigated area. The tracks will anneal
differently based on the residence time of the samples in the PAZ and therefore carry valuable
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information on the style of cooling. Fission tracks are then stable at temperatures below
60°C, and accumulate with time. The fission track density (number of tracks per unit) gives
information on the rock cooling through the PAZ: the abundance of 238U atoms (parent
nuclide) and the number of spontaneous fission tracks (daughter nuclide) are estimated.
Spontaneous fission tracks are revealed on the surface of the grain after polishing and etching,
while the amount of 238U is determined with fission tracks that are induced through an
irradiation of the grains with a thermal neutron flux. The equation that governs the age
calculation is:
t =
1
λd
L n(λd
ρs
ρi
ρd ζ g + 1) (2.2)
where t = age, λd = decay constant for 238U, ρs = spontaneous track density, ρi = induced
track density, ρd = track density in a dosimeter glass of known uranium concentration, g =
geometry factor, ζ = zeta factor. The ζ calibration factor is determined on samples of known
age and is dependent on the analyst.
2.1.3 Detrital apatite thermochronology
The application of detrital thermochronology requires a larger set of assumptions than the
in-situ counterpart. In a detrital sample, the probability of a detrital grain of having a certain
age t is given by the integral of the probability density function over a given range:
Pd[t1 ≤ t ≤ t2] =
∫ t2
t1
PDF(t)δt (2.3)
The density function is therefore strictly linked to the age distribution within the catchment,
and for a low-T thermochronological system is given by the age in regard to elevation (age-
elevation profile) and the hypsometry (distribution of elevation) of the basin. At the same
time, in a river with tributaries and different contributing areas, the PDF can always be seen
as a result of a mixture of several other distribution of subcatchment areas so that:
P =
n∑
i=1
wiPi(t) (2.4)
where wi, ..., wn are the weights of each probability. In case of detrital apatite, we can assume
that the weighting factor wi is a sum of different factors, for instance wi = Aieiaiλi, where:
Ai= the areal extent of the contributing area
ei= the erosion of the portion,
ai= the distribution of the mineral given by the underlying lithologies, e.g. mineral fertility
(Malusà et al., 2016),
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Tectonic	feature
A B
s3 s3
s2 s2
s1 s1
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old	ages
Figure 2.3: Schematic representation of an along-trunk sampling strategy in a catchment where
a fault displaces old ages in the foot wall and younger ages in the hanging wall. In case A, the
tectonic feature dictating the patter of cooling ages is parallel to the main river trunk, implying
that samples si can be equal also in case of varying erosion rates. In case B, the perpendicular
orientation of the fault implies that for sample s3 to be equal to the previous ones, erosion rates
in area a3 should be close to zero.
λi= a measure of "mineral decay", i.e. the decrease of the target mineral from the sand size
fraction of interest due to the processes of comminution, abrasion and dissolution.
A precise quantification of the weighting factors is in most circumstances hardly achievable.
A possible workaround is designing a sampling strategy with the aim of reducing the
influence of the weights, such as wi ≪ Pi(t). A first important factor is the size of the
catchment: although the possible contributing factors to the age distribution are easier to
constrain in small catchment (low order basins with area < 100 km2), it is also difficult to get
the proper range of elevation and ensure the natural mixing; very large catchments (higher
stream order, > 104 km2) will cut through a large number of lithologies and tectonic features,
whose individual influence will eventually be difficult to asses.
In a medium sized catchment on the other hand, it is relatively easier to evaluate the effect
that a tectonic feature might have on the age distributions, especially in relationship to
spatially non homogeneous erosion rate. With the presence of a linear feature that has parallel
orientation to the main drainage, cutting the watershed from north to south as in example (A
Fig. 2.3), the age distribution can remain stable even with varying erosion rates. In case B
however, for the age signal in s3 to be stable, erosion rates in segment portion a3 should be
improbably low. The rationale is that, with an along trunk sampling strategy, it will be easier
to constrain the stability or the change of a tectonic denudation/cooling age.
In the Himalayas, a catchment with such characteristics is the Thakkhola-Mustang graben.
We collected multiple detrital samples from the Kali Gandaki catchment, draining exclusively
the Thetyan Himalaya and the North Hymalayan leucogranitesin its upper reach, thus
recording the exhumation of the Mugu and Mustang granitic bodies (more details in section
2.2.1). The minimum number of grains necessary to accurately constrain the exhumation
history is still a debated question in detrital thermochronology. A recent study from Avdeev
et al. (2011) proposed that in case of simple exhumation histories, a set of samples fewer than
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20 could provide reliable information on the onset of exhumation in a defined catchment.
However, since our study area has likely experienced a complex exhumation history, our goal
was to measure at least 100 grains, a number statistically robust to capture all age populations.
2.1.4 Cosmogenic Nuclide dating
Surface exposure and spatially averaged denudation rates can be determined by measuring
the in-situ produced cosmogenic nuclide ( 10Be, 26Al). Primary cosmic rays interact in the
atmosphere to produce secondary particles, and cosmogenic nuclides are produced through a
series of interactions when these high-energy secondary radiation arrive in contact with the
earth’s surface. The most widely used nuclide for geomorphological applications is 10Be and
the common target mineral is the quartz from exposed surfaces or contained in river sediment.
10Be is virtually absent in rocks at depth but it is produced at the surface by spallation and
muon reactions (spallation accounts for the majority of reactions in quartz). As such, the
production rates decrease exponentially with depth:
Pz = P0e
−
ρ · z
λ (2.5)
where P0 is the production rate at the surface, ρ is the density of the material (g cm−3), z
is the depth below the surface (cm), λ is the attenuation length in (g cm−2). A prerequisite
of the method is therefore a good approximation of the nuclide production rates at the study
location, that are dependent on latitude, elevation and shielding.
Extraction of beryllium presumes a series of geochemical techniques that involve the isolation
and purification of quartz or other target minerals. At first, standard mineral separation
techniques including sieving, magnetic separation and removal of carbonates will enrich
the samples quartz content. A series of differential leaching steps of quartz with a weak
solution of hydrofluoric acid ensure that the quartz is free of other minerals and meteoric 10Be,
following the procedure of Kohl and Nishiizumi (1992a). The precisely weighted amount of
sample is dissolved in 40% hydrofluoric acid after a known amount of carrier material 9Be is
added. After sample decomposition, the resulting fluorides will be converted to chloride
form to remove some of the isobar 10B (isobars interfere strongly during measurement
of the isotopic ratios). Other ions are then removed through anion and cation-exchange
columns. Finally, Be is precipitated to remove the remaining soluble B(OH)3 and calcinated
to BeO and mixed with metals into targets that are ready for the measurement. The need of
extreme precision in the discrimination of the isotopic ratio between 10Be and 9Be, requires
a measurement using accellerated mass spectrometry (AMS) (Hellborg and Skog, 2008).
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Understanding the evolution of the Himalayan-Tibetan orogenic system is one of the great
challenges in the field of geosciences. The continental collision between the Indian sub-
continent and Asia began in early Eocene (Garzanti et al., 1987; Najman et al., 2010, 2017),
and in the course of 50 Myr the striking forces of the crustal-scale thrusting created the
Himalayan orogen as it is today (Fig. 1.2). Geographically, the Himalayas are bounded
by the Indus-gangetic and Brahmaputra valleys to the south, by the Tibetan Plateau to the
north and by two syntaxial systems at the extremities, the Narga Parbat massif (NP) to the
west and the Namche Barwa massif (NB) to the east. The extremely active, relief-forming
processes attracted a multitude of scientists that studied and categorized its structures. From
the initial work of Gansser (1964) onwards, the orogenic wedge is traditionally separated
into four litho-stratigraphic units (Yin and Harrison, 2000): the Thetyan Himalaya, the High
Himalaya, the Lesser Himalaya and the Subhimalaya zone (or Siwaliks) (Le Fort, 1986; Yin
and Harrison, 2000). All these major zones are divided by major fault contacts: the Thetyan
Himalaya Sedimentary Sequence (THSS) is bound by the Indus-Tsangpo Suture Zone (ITSZ)
to the north and the South Tibetan Detachment zone (STDZ) to the south. The STDZ
places low-grade Tethyan metasediments on the hanging wall against the metamorphic rock
of the Greater Himalayan sequence (GHS) on the footwall, and facilitated the widespread
intrusion of Miocene leucogranites in two distinct Higher Himalayan and North Himalayan
leucogranites (Le Fort, 1986). The rocks of the GHS are bounded by the Main Central thrust
(MCT) to the south. After the GHS, the metasedimentary rocks of the Lesser Himalayan
sequence (LHS) are delimited to the south by the Main Boundary thrust (MBT). Finally,
the younger foreland basin sediments of the Siwaliks occupy the hanging wall of the Main
Frontal thrust (MFT). These features are schematically presented along a swath profile in
Fig. 2.4; the swath profile is from the central Nepal, where the Thakkhola-Mustang graben
is located. This thesis focuses on two different areas on the southern topographic front (Fig.
1.2).
2.2.1 Mustang graben
The Thakkhola mustang graben is located in central Nepal, right to the north of two of the
highest peaks in central Nepal, the Dhaulagiri (8167 m a.s.l.) and the Annapurna (8091 m
a.s.l.) (Fig. 2.5). The extensional graben is connected to the range front by the Kali Gandaki
river valley, that deeply incise the rocks of the GHS (between STDZ and MCT) forming one
of the deepest gorge of the world. In its upper drainage, the Kali Gandaki drains mostly
the sedimentary rock of the THSS and the outcropping Mustang and Mugu leucogranites.
The granites, part of the North Himalayan Leucogranite belt, outcrop along the Thakkhola
fault in the western flank of the graben. The Thakkhola fault is the main driver for the
extension and development of the half graben, at least since mid-Miocene (Colchen, 1999).
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Figure 2.4: Swath profile from the central Nepal comprising the Thakkhola graben. For a
description of the abbreviations, refer to te text in section 2.2.
Tethyan Himalayan
sequence
Mustang
Mugu
STDZ
MCT
MBT
N
20 km
Annapurna I
Dhaulagiri
TF
Figure 2.5: The studied catchment with the main geologic-topographic features.
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Thermochronological studies from the Mustang area have had scarce success, mostly due
to the inaccessibility of the area, the scarcity of outcrops and the nature of the sedimentary
THSS, that are notoriously poor in datable minerals, especially the relatively weak apatite
(Crouzet et al., 2007).
2.2.2 Shillong Plateau
The second study area is located in the eastern Himalaya, between the floodplain of
Bangladesh and the Brahmaputra valley in front of Bhutan (Fig.2.6). The Shillong Plateau
is the only uplifted area in the otherwise flat and subsiding Himalayan foreland. If small
compared to the heights of the Himalayas, the almost 2000 m elevated surface is an effective
barrier that stops the humid air masses coming from the Bengal basin and constitutes one
of the most dramatic orographic barriers in the world. During the monsoon period, the
southern edge of the plateau experiences extreme rainfall amounts, that peak in the locality of
Cherrapunji with record measurements of up to 12 m y−1. Consequently, the plateau attracted
several studies in recent years to better understand its role in blocking the monsoon to reach
the Bhutanese Himalaya and also in the strain partitioning with structures in the front range
of the orogen. The surface uplift of the plateau, a key aspect to determine the onset of the
rain shadow in Bhutan, is still a matter of debate and the available thermochronology was
insufficient to precisely set a transition between exhumation and surface uplift.
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Figure 2.6: Location of the Shillong Plateau within the eastern Himalaya, with the studied
catchments and the main tectonic lineaments in purple lines (after Taylor and Yin (2009)). White
lines define the national borders.
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Abstract
Detrital apatite (U-Th-Sm)/He thermochronology has the potential to provide information on
catchment-wide erosion and exhumation histories. However, the method has not reached its
full applicability due to several aspects that need be better understood. In this paper, we
present apatite (U-Th-Sm)/He ages from a set of modern river sand samples to constrain the
long term exhumation history of a confined tectonic setting. Heterogeneous apatite grains,
varying in number and quality, were extracted from six samples taken at regular interval
along the Kali Gandaki river channel (central Nepal). While most of the ages are comprised
between 18 Ma and 6 Ma, the full spectrum of obtained ages spans broadly from the
Cretaceous to the Pliocene, thus highlighting the complex tectonic history of the Thakkhola-
Mustang graben. Nonetheless, our results are in good agreement with published geologic
constraints and provide the first evidence on the long term erosion and exhumation history
of the Thakkhola-Mustang graben, where virtually no thermochronological constraints yet
exist. Furthermore, we demonstrate that abrasion of the detrital apatite grains is an important
consequence of river transport, and most rounding happens within the first kilometres of river
transport. Therefore, if the best approach in detrital settings is to analyse a homogeneous
population, the effect of river abrasion of the grains cannot be neglected and the degree of
alpha-ejection correction should be carefully considered.
3.1 Introduction
Low temperature thermochronology in apatite is increasingly used to reconstruct exhumation
histories or rate of landscape evolution in a wide range of different settings (Braun, 2002).
Thermochronological dating methods are strongly dependent on elevation, and the relations-
hip between age and elevation allows to sample vertical transects in bedrock and obtain robust
constraints on exhumation rates. Using the same link between age and elevation, several
recent studies tried to connect the modern detrital age distribution with the hypsometry of
the basin and thus constrain exhumation rates or erosion distribution within the catchment
(Brewer et al., 2003; Ehlers et al., 2015; Ruhl and Hodges, 2005; Stock et al., 2006; Tranel
et al., 2011; Vermeesch, 2007). Furthermore, dating detrital grains from recent river sands
provide age patterns that are representative for the exhumation history integrated over the
whole catchment area. This approach is particularly appealing where bedrock sampling is
made difficult by an inaccessible field areas (Avdeev et al., 2011; Duvall et al., 2012; Tochilin
et al., 2012).
With a temperature sensitivity of 40 to 85 °C(Wolf et al., 1998), the apatite (U-Th-
Sm)/He (AHe) thermochronometer has the lowest closure temperature of all routinely applied
radiogenic dating systems and thus holds the potential to monitor processes related to near-
surface brittle deformation and relief formation. For a sound interpretation of detrital age
spectra in terms of source area exhumation and landscape evolution, as many grains as
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possible should be dated (Vermeesch, 2004). For the AHe method, this is more difficult
compared to other thermochronological dating approaches, as particular requirements in
terms of grain quality need to be matched: the apatite crystals need to be free of mineral
inclusions (since these may be the source of extraneous 4He), free of cracks (potential
pathways for preferential 4He diffusion), and they must fulfil certain criteria in terms of
shape and size. This latter aspect is important, because associated with radioactive decay
of the parent isotopes 238+235U, 232Th and 147Sm, the radiogenic daughter isotope 4He travels
about 20 µm through the crystal lattice before it comes to rest (Farley et al., 1996). In case the
parent isotope is situated close to the margin of the crystal, 4He may be lost from the apatite
grain. Thus, the outer 20 µm rim of the apatite crystal becomes depleted in 4He. This effect
is corrected for by calculating the amount of marginal 4He loss based on the surface-volume
ratio derived from grain size and shape (alpha-ejection correction, Farley et al. (1996)).
In detrital settings, however, the 4He-depleted rim may be lost due to mechanical and
chemical abrasion during sediment transport. In this case, applying the alpha-ejection
correction leads to over-corrections and thus to too-old AHe dates. One solution would
be to only select idiomorphic grains for AHe dating, as these are obviously unaffected by
transport-related abrasion. This, however, would further reduce the number of grains suitable
for dating, and it would introduce a bias to the interpretation of detrital age patterns, as
grains with short transport pathways would be preferentially dated, whereas grains from more
distant areas of the catchment would be omitted. Moreover, a preferential selection will likely
exacerbate the bias if the source of idiomorphic grains is not homogeneous within a basin,
i.e. inhomogeneous mineral fertility (Malusà et al., 2016).
Here we try to test and quantify the abrasion-induced bias in detrital AHe thermochronology,
and to provide potential solutions to correct for this bias. For this, we (i) collected samples in
regular intervals along the course of the Kali Gandaki River in central Nepal, (ii) used image
analysis for detecting morphological changes of apatite grains during sediment transport
along the river, (iii) dated the samples by AHe thermochronology and discussed the effect
of alpha-ejection corrections on abraded grains, (iv) discussed the detected AHe age patterns
in the context of the relatively well-known tectonic history of our study area, and (v) applied
our preferred solution for alpha-ejection corrections to recently published detrital AHe ages
from southern Tibet (Carrapa et al., 2017), which is assumed to have experienced a similar
tectonic history as our study area, for comparison of the detrital age patterns.
Detrital studies generally rely on the process of sediment delivery from the catchment slopes
to the main river trunk. In detrital thermochronology, the many single grain ages, due to the
natural process of comminution and sediment delivery will produce an averaged sample that
is likely representative of the upstream mean cooling history (Brewer et al., 2003).
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Figure 3.2: Digital imagery of the Thakkhola-Mustang graben, with sample locations and river
network highlighted after the South Tibetan Detachment Zone.
3.2 Geological and geomorphological setting
The detrital samples were collected along the Thakkhola-Mustang graben, an extensional
feature in the Tethyan Himalaya (TH), situated in proximity to the High Himalayan Range
in central Nepal (Fig. 3.1). For simplicity, we will just use the name Thakkhola graben
throughout the paper, but the names Mustang and Thakkhola can be used interchangeably.
The graben represents a typical setting where application of the detrital approach would be
particularly useful, with a relatively well-accessible river valley and nearly inaccessible outer
portions of the catchment, with mountains rising up to 6000 m along the watersheds. The
sampled river profile covers 100 km perpendicular to the main strike, with the valley bottom
mostly situated at an altitude between 4000 and 3000 m.
The graben is bounded to the west by a marked fault system, the Thakkhola-Dangardzong
(Thakkhola fault for simplicity). The fault system is traceable for almost 100 km and acts
as major control on development of the basin (Colchen, 1999; Hagen, 1968). Characterized
by a marked fault scarp in the western flank, the feature is relatively easy in its identification
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and extends from the Mustang leucogranite in the north to the South Tibetan detachment
in the south (Fig. 3.2). To east, displacement is taken up by several smaller features and
the most notable are the Lupra and the Muktinath fault (Godin, 2003). The fault separates
the Thetyan Sedimentary Sequence in its footwall from Tertiary and Quaternary basin fill in
its hanging wall and exposes two leucogranitic plutons, the Mustang ad Mugu leucogranite
(Le Fort and France-Lanord, 1995). A study using U-Pb on monazite revealed a minimum
emplacement age of 20.76 ± 0.67 Ma for the oldest phase of the Mugu leucogranite and
an emplacement age of 23.35 ± 0.17 Ma for the Mustang granite (Hurtado, 2002). Granite
emplacement pre-dates onset of extension along the graben: periods of displacement along
the Thakkhola fault were presumably contemporaneous with episodes of syn-tectonic filling
of the graben, starting between ∼11 and 9.6 Ma with the deposition of the Tetang formation,
as derived from magnetostratigraphy (Garzione et al., 2003)). A minimum age of ∼11
Ma for the onset of extension is also roughly in agreement with muscovite 40Ar/39Ar ages
between 13 and 11 Ma reported from the sediment deposits. These 40Ar/39Ar ages were
interpreted as indicating hydrothermal activity associated with brittle extensional faulting
(Godin et al., 2001). Separated by an angular unconformity, the Tetang formation is overlain
by the thicker Thakkhola formation, which was deposited from 8 Ma onwards (Garzione
et al., 2000). Together, both formations reach a thickness of ∼one km. Displacement along
the graben might still be active, and is presumably coupled with movements along the South
Tibetan Detachment Zone (STDZ, Hurtado et al. (2001)). Previous attempts of using apatite
for thermochronological dating failed due to the low apatite yield in the Thetyan sediments
(Crouzet et al., 2007). Thus we assume that the majority of apatite grains obtained from the
recent river sands is sourced from the granitic intrusions.
3.3 Material and Methods
3.3.1 Sampling strategy
As reference age, we collected one sample from the Mustang granite in proximity to the river
initiation (MUS-001, table 1). It should be emphasized, however, that this sample only gives
spot-like information from one single sampling site, whereas the granitic body is exposed
over a much larger area and elevation range. Thus, the full age variability of apatites derived
from the granite will not be covered by this sample. The first sand sample (STR-001) was
taken after just a few kilometres of river transport, in the proximity of the village of Lo-
manthang, draining the western flank of the graben. It contained small pebbles (<5 cm ) of
various lithology, but mostly derived from the granitic intrusion. The pebbles were sieved
from the sand fraction and processed separately (sample STR-001p). Since apatites from the
pebble fraction were transported within a still intact and coherent mineral assemblage, we
expect that they were not affected by transport-induced abrasion, unlike apatite from the sand
fraction of the same sample. We then collected further five river sand samples downstream
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the main river trunk, each comprising 5-10 kg of coarse to fine grained, unlithified sand.
Altogether, the sampled profile covered a downstream distance of ∼90 km and an elevation
range of 1200 m.
3.3.2 Image analysis
To detect potential morphological changes resulting from sediment transport, images of the
apatites from the different sand samples were taken under a stereo microscope to measure the
grains shape parameters. The apatite separates were picked using standard selection criteria
for AHe dating, thus mostly euhedral or rounded grains were chosen (The choice of apatites
for image analysis was in fact equivalent to the pre-selection step routinely done for AHe
analysis, i.e., up to 100 grains were chosen that generally met the grain quality criteria
required for AHe analysis in terms of size and shape of the grain, but at this step no detailed
inspection for mineral inclusions or cracks was performed). The selected grains (between
22 and 112 per sample, depending on amount and quality of available apatite grains) were
mounted on a microscope slide. Several images were taken on a Olympus SZX16 binocular
(Fig. 3.3), with a 22.4 or 32X magnification and a pixel resolution of 1600 X 1200. We
used an available plugin for the image processing software ImageJ, (http://rsbweb.nih.gov/ij)
Particle8, which allows to automatically characterize various shape parameters for the grain
population after converting the scale from pixels to microns. For the image processing of the
single grains, we use the software CellProfiler. Although the basic functionalities of the two
programs are similar, the CellProfiler modules worked better in identifying the edges of the
apatites in the single grain images, whereas ImageJ was preferred for apatite populations
to better separate adherent grains. The "roundness" was selected as a shape parameter:
Roundness = 4 · Area/(π · Feret2). We clarify that the term "roundness" in the plugin is
usually referred as "circularity" in the literature (Blott and Pye, 2008), bearing information
on how close the shape is to a sphere but not on the smoothness of the corners.
3.3.3 Apatite (U-Th-Sm)/He thermochronology
The (U-Th-Sm)/He thermochronometer is based on the decay of radiogenic isotopes 238U,
235U, 232Th, and 147Sm with the production of 4He. In apatite, 4He diffuses quantitatively
from the crystal lattice at temperatures > 85 °C. Between temperatures of ∼ 85 to 40 °C, 4He
is partially retained, corresponding to the He partial retention zone [PRZ; (Farley, 2000)],
whereas below 40 °C diffusion slows down leading to 4He accumulation.
However, a fraction of 4He will be ejected along the grain margin independently of
temperature (i.e., alpha-ejection). Alpha particles have an average stopping distance of ∼
20 µm (Farley et al., 1996), therefore 4He located within 20 µm to the grain margins is
likely to be ejected from the grain. To correct for this effect, AHe raw ages are routinely
corrected according to size and morphology of the analysed grain. The grain dimensions
are accurately measured for calculation of the alpha ejection factor (Ft). subsequently, the
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STR_001 STR_002
STR_004 STR_005
STR_003
STR_006
Figure 3.3: Selected apatites from the various samples along the river trunk. Morphological
characteristics are described in table 3.1. The number and morphology of apatite grains per
sample varies due to different apatite yield and quality.
grain was enclosed in Pt tubes for U, Th Sm and He measurement. The 4He was extracted
by heating the single grains for 5 min at 900 °C with a diode laser, spiked with 3He and
the 4He/3He ratio was measured in a quadrupole mass spectrometer. Every measurement
was repeated by re-heating the sample, phase to verify the complete gas extraction. Every
set of samples included two Durango standard apatite, as additional quality check for the
measurements. The grains were then dissolved in HNO3 and analysed using a quadrupole
ICP-MS housed in Department of Geosciences of the University of Bremen to obtain the
concentration of U-Th-Sm to use in the age calculation.
To visually evaluate the distribution of the obtained ages, we use Kernel Density Estimates
(KDE). Using adaptive kernel density estimates allows to obtain high resolution when data is
dense solving the problem of over-under smoothing the density curve (Vermeesch, 2012).
3.3.4 Suggestion for alpha-ejection correction of detrital samples
As outlined in the Introduction, applying alpha-ejection corrections for apatite derived from
modern river sediments bears the risk of overcorrecting detrital AHe ages and thus of
obtaining too-old AHe dates, because the 4He-depleted outer rims may be mechanically
or chemically abraded during sediment transport. For taking this effect into account, we
checked the general shape of the grain in terms of grain rounding and evidence of abrasion
marks and abraded texture (see Fig. 3.4). A simple correction scheme was then applied (Fig.
3.5). For euhedral grains, we assumed that no abrasion has occurred and used the routine
alpha-ejection correction according to size and morphology. For rounded grains, we assumed
that the 4He depleted outer rim (i.e., the outer 20 µm of the apatite crystal) was completely
lost during sediment transport and thus did not apply alpha-ejection corrections. Thus, the
Ft-factor as listed in table 3 was 1, i.e., we assume that 100 % of radiogenically produced
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Figure 3.4: Microscope image of the abraded surface of a detrital grain. Contrast and brightness
are adjusted to better highlight the face of the grain. The texture shows clear sign of abrasion,
resulting from impacts with detritus or chemical dissolution.
4He was retained within the limits of the crystal grain. In case of grains with clear abrasion
signs but which still show some euhedral traits, especially hexagonal habitus from c-axis
view, neither full correction nor the raw age would satisfactorily represent the true age of
the grain. In this case, we used half of the alpha-ejection correction that would normally be
applied on the basis of size and shape of the crystal. We are aware that this approach may
involve oversimplifications, but we still consider it as an improvement, compared to simply
ignoring the effects of sediment transport. In the following chapters, we will discuss how
this modified alpha-ejection correction affects the overall detrital age pattern, and whether
the modified AHe age distribution can be reconciled with the known tectonic history of the
study area.
We will furthermore apply the modified alpha-ejection correction approach to a recently
Euhedral = corrected
Sign of abrasion
Fully rounded = no correction
Partly idiomorphic = half corrected 
Figure 3.5: Simple decision tree to determine the amount of alpha correction.
published study by Carrapa et al. (2017), which reports detrital AHe data from rivers draining
southern Tibet. Similar to our study area along the Thakkhola graben, their study area is
also located between the STDZ and the Indus Tsangpo suture zone and thus likely shares a
similar tectonic scenario. It is possible to independently apply a correction to these published
grains by retrieving the grain description from the supplementary data, and applying a similar
approach as in 3.5: when grains are described as fully rounded with sign of abrasion,
the raw ages was kept instead of the corrected. For comparing their detrital age patterns
with the one obtained in our study, we used the Kolmogorov-Smirnov test (K-S). K-S
compares the two CDF and returns the maximum difference (parameter D), and the p-value
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Figure 3.6: Roundness of the various apatite separates.
that is inversely proportional to the confidence level at which the two samples fail the null
hypothesis (that they are not drawn from the same parent population). While the p value is
in general not sufficient to statistically prove that the two distributions are the same, due to
the interdependency of p-value and sample size (Vermeesch, 2013), it is nonetheless useful
to quantify the likeness of the various samples in function of the different correction applied.
3.4 Results and Interpretation
3.4.1 Results of image analysis
Table 3.1: Table with summary of roundness values for apatite populations
Sample name Lat(◦) Long(◦) Elevation (m) n Kma Rdnb 1σ
MUS-001 29.2062 83.8471 5492 22 0 0.54 0.08
STR-001 29.1828 83.9362 3826 43 9 0.63 0.12
STR-001p 29.1828 83.9362 3826 178 9 0.61 0.11
STR-002 29.2090 83.9714 3800 59 14 0.68 0.10
STR-003 29.0720 83.9408 3313 87 33 0.79 0.08
STR-004 28.9265 83.8279 2984 46 58 0.79 0.07
STR-005 28.8193 83.7710 2812 81 72 0.81 0.06
STR-006 28.7167 83.6633 2627 112 88 0.80 0.07
a Distance along river transport in kilometres
b Mean roundness of the various samples
Fig. 3.6 shows the boxplots with the parameter roundness of the various apatite separates.
The reference value is given by the granitic apatites of sample MUS-001 ( n = 22). These
bedrock apatites have the lowest roundness values, associated with a low standard deviation
25
3.4 Results and Interpretation
(0.54, σ = 0.08). For the next two samples, collected over a distance of ca. 14 km
downstream, we can observe an increase in measured mean roundness and a slight increase in
the standard deviations. The latter reflects an increasing inhomogeneity of these "transitional
samples", with both euhedral and rounded grains present. Further downstream, after sample
STR-003 a plateau is reached, with largely constant values of mean roundness (see boxplots
in Fig 3.6). The river profile of the Kali Gandaki river (included as a blue line in Fig.
3.6) supports the observation that the most significant change is happening in the first 15-
25 kilometres of river transport, assuming that the first sample (MUS-001) corresponds to the
stream initiation and the first delivery of sediment material to the river.
In Fig. 3.7 and table 3.2, by contrast, we displayed the shape parameters of those
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Figure 3.7: Roundness values of the single grain analyses.
grains, which - after a second selection step involving close inspection with polarized light
for excluding grains with inclusions or cracks - were chosen for being analysed by AHe
thermochronology. The number of grains per sample is thus much smaller, and furthermore,
the dated grains from the "source reference sample" (Mustang granite) are not enough to
provide a robust information of the roundness of the grains. Instead of simply reporting the
values from the previous table, we inspected the shape parameters of a set of idiomorphic
grains selected randomly from previous projects (sample IDIO in Fig. 3.7). These grains
provide a mean roundness similar (0.56, σ = 0.11) to the grains from the Mustang granite
and are a first indication that grains unaffected by sediment transport might have a stable
roundness value.
In spite of the general lower number of grains per sample, the trend towards increasing
roundness downriver is still discernible, but less pronounced and more sensitive to intra
sample availability of euhedral grains (sample STR-005, that with values of 0.63 differs
from the preceding STR-004 - 0.71 ± 0.13- and following samples STR-006 , 0.71 ± 0.14).
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This shows that for the usually low number of grains (typically around 20) dated by AHe
thermochronology in detrital settings, the relation between transport-induced grain rounding
trends and AHe age pattern trends downriver is not necessarily straightforward.
Table 3.2: Table with shape parameters for single grains
Sample n Roundness
Idio 29 0.56 ± 0.11
STR-001p 16 0.63 ± 0.07
STR-001 22 0.65 ± 0.11
STR-002 14 0.69 ± 0.10
STR-003 18 0.73 ± 0.12
STR-004 10 0.71 ± 0.12
STR-005 15 0.63 ± 0.13
STR-006 19 0.71 ± 0.14
3.4.2 Results of AHe thermochronology and the effect of different approa-
ches for alpha-ejection correction
We report 101 detrital AHe single grains, including 16 from the granitic pebble fraction
of sample STR-001, plus five bedrock grains from the Mustang granite. The obtained
results are reported in Table 3.3 and in Fig. 3.9. The goal was to consistently measure
∼ 20 grains per sample, but in some case it was a task difficult due to insufficient grain
quality. Another objective was to measure grains with different crystal morphologies related
to abrasion patterns. No correlation between AHe grain age and effective U-content or
mean grain radius was found (Fig. 3.14). We report consistent results, in spite of the
varying morphology of the grains, and the majority of the grains are younger than the granite
emplacement age. Surprisingly, we observe a small cluster of Cretaceous ages (7 ± 2%) that
were not expected. The most likely explanation is the occasional presence of grains derived
from unmetamorphosed section of the Thetyan sediments, more than erroneous ages due to
analytical unknown effects. In this case, clustering in a specific age range is unlikely, while
the effect of unseen inclusions in the grain will have a broader extent and magnitude, as it is
shown by the grain STR-006 #9 that with a raw age of 680 Ma we attribute to the effect of an
unseen inclusion. We will discuss these old ages more in detail in section 3.5.1
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3.5 Discussion
We present the results for the individual sample in Fig.3.8, to illustrate possible shifts in
age patterns downriver. We observe that the age distribution is uniform along river transport,
with old ages appearing consistently but in small numbers, with the consequence that mean
age remains stable downstream even when including very old ages (Fig.3.8a). Moreover,
by excluding AHe ages older than the emplacement age of the Mustang granite (i.e. setting
the threshold at 20 Ma), the central raw age for these samples along river transport orbits
consistently around 10, with minor variations (Fig. 3.8B). Fully corrected and selectively
corrected ages show a mean that with minor variations remains centred around 10-13 Ma
(Fig. 3.8C,D). The pebble derived sample STR-001p is the only sample to show a significant
different mean from the rest of the detrital samples, even though the age range is similar (in
plot 3.8A). Considering the relatively low density of old ages (older than ca. 20 Ma), as
shown in plot 3.9, we can focus on the grains that are comprised under the major peak by
setting the threshold at 20 Ma. We are confident that this threshold is sufficient in describing
the younger cooling history of the graben, considering the emplacement age of the granite.
To explore how the various approaches in correcting the grains will influence the age
distributions, we show the KDEs in Fig. 3.10. A direct comparison of the various densities,
comprising also the density of exclusively idiomorphic grains, is useful to compare the
various correction schemes. The two scenarios where the obtained raw ages are (1) non
corrected or (2) corrected as a bulk (red and green dotted line in Fig. 3.10) have the outcome
of age dispersion either towards younger or older age density relative to the idiomorphic
grains, as shown in Fig. 3.10. A more detailed visualization of these effects on the density
curves is provided in Fig 3.15, where the effect of various bandwidth width is highlighted.
Overall, there are several lines of evidence to indicate the selective correction as the best
performing approach: (i) the shape of the density curve is in this case most similar to the
idiomorphic-only grains, (ii) distinct peaks are identified that correspond to the tectonic
phases (emplacement and cooling of the granite, tetang phase and Thakkhola phase). More
details on how this correction scheme improves the interpretation of the link between ages
and the underpinning cooling history of the Thakkhola graben are given in section 3.5.2
3.5 Discussion
3.5.1 Explanation of older age cluster
Even if most of the ages that we obtained are younger than mid-Miocene, we report two age
cluster that are older, specifically a 39 to 45 Ma cluster and a early Cretaceous set of ages
(100-130 Ma) with a noticeable absence of Oligocene ages. These ages are the oldest apatite
(U-Th-Sm)/He ages reported for the Himalaya and they indicate that at least some portions
of the TH sedimentary pack were unaffected by the thermal resetting either through burial or
exhumation event and preserve pre-orogenic cooling rates. Intriguingly, the age range (70-
150 Ma) that these non-reset apatites show coincide with other reported thermochronologic
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Figure 3.10: Plot comprising ages younger than 20 Ma, displaying various correction schemes.
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ages and seems to be connected with an exhumation event related to the TH, and may be
linked to what Bernet et al. (2006) found in the Siwaliks detrital ZFT samples and again
ZFT from Crouzet et al. (2007). Although it is arduous to make assumptions based on
methods with different closure temperature, it is likely that these older ages are linked to the
Cretaceous rocks that are outcropping in the Mustang graben, and they are the only remnants
of Cretaceous age sedimentary rocks in Nepal (Godin, 2003), e.g. the conglomerates and
sandstones of the Chukh Group (Gradstein et al., 1991). A different explanation applies to
the cluster of 39 to 44 Ma, that could represent a phase of eo-Himalayan metamorphism.
Notably, these ages can be linked again to the Zircon FT reported by Crouzet et al. (2007)
from the Marpha area. They report a temperature of peak metamorphism in the TH of 250-
350 °C for the Dolpo and the Manang area that could be responsible for the thermal overprint
of these FT and U-Th-He ages. In spite of the relatively small number of old grains, we can
speculate that their origin is strictly related to the effects of regional metamorphism in the TH
sedimentary pack.
3.5.2 Tectonic explanation of young age distribution
By focusing on the graben exhumation history younger than 20 Ma, we were expecting to
find age groups related to three main tectonic events: granite emplacement and exhumation,
Tetang deposition and Thakkhola deposition. We refer to Fig. 3.11 to discuss the link between
age distribution and the tectono-sedimentary evidence from other studies. The first age group,
comprised between 14 and 20 Ma, sees a progressive increase in age density with the peak
between 14 and 15 Ma and likely reflects a broader exhumation event that led to the granite
unroofing. Having the relative peak at 14 Ma is easily justified and correlate with our apatite
(U-Th-Sm)/He bedrock results (central age of 14.56 Ma). We identify this age range as an
indication of movement along the STDZ, with the peak at 14 Ma representing the final stage
of cooling after emplacement (between 20 and 24 Ma (Hurtado, 2002)). Rapid exhumation in
the footwall of the STDZ stopped abruptly ubiquitously along the range, and the consequent
relaxation of the isotherms had the effect of imprinting different thermochronometers in
several temperature ranges with a mechanism demonstrated by Braun (2016). The detrital
dataset of Ruhl and Hodges (2005) from the Nar and Dud rivers draining catchments north
of the STDZ show a similar age trend for detrital 40Ar/39Ar between 15 to 20 Ma. Other
studies report this exhumation phase between 24 and 15-13 Ma, in the Sikkim by Kellett
et al. (2013), in the neighbouring Gyirong by Shen et al. (2016) in the Nyalam region by
Leloup et al. (2015), in the Everest region by Orme et al. (2015). The static peak is once
again reported in the siwaliks (Bernet et al., 2006).
After the end of the granite cooling event, we observe a low density gap of ca. 1 Ma after 14
Ma again in all distributions (Fig. 3.10 and Fig. 3.11). The apparent hiatus of ages can be
interpret as a tectonic quiescence before the beginning of local exhumation, i.e. movement
along the Thakkhola fault. After this lack of ages, the density increases again due to an
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age cluster, a sort of middle peak, that interestingly spreads between 11 and 13 Ma. This
timing is coincident with the ages of Godin et al. (2001) and the deposition of the Tetang
formation, dated through magnetostratigraphy to be deposited between 11 and 9.6 Ma. The
correspondence is highlighted in the selective correction. After the end of this first local
exhumation event another clear decrease in age density correlate to a specific tectonic event,
that is the unconformity between the deposition of the Tetang and Thakkhola formation. The
angular unconformity is considered to be a temporal gap of ∼ 2.6 My beginning at ca. 9.6 Ma
and ending at 7/8 Ma (Garzione et al., 2003). After this timing, we find the highest density of
ages, with a substantial amount of grains homogeneously distributed between 10 and 6 Ma.
We link this age group, with the peak at 8 Ma to the tectonic displacement phase related to
the Thakkhola deposition. We critically acknowledge that the recognition of the peaks and
the temporal gaps is to some extent present in all three distribution independently from what
kind of distribution we use, however all these features, for instance Thakkhola exhumation
was the biggest phase of fault displacement and this reflects in the relative size are particularly
evident from the selective corrected grain distribution.
How can we explain the presence of pervasive gaps in our age distributions? It seems unlikely
that low density, or lack of density in between peaks correspond to areas that are somehow not
eroded and therefore non (or under) represented in the age distribution. This could be the case
in presence of non-uniform erosion, such as a glacial dominated environments (Ehlers et al.,
2015) or other environments where erosion focuses at a specific elevation, e.g. a landslide-
dominated landscape (Blöthe et al., 2015)). It makes then more sense to hypothesize a proper
lack of that age range, i.e. gaps in the age-elevation profile. The mechanism for the creation
of this iso-age missing gaps is likely similar to what already proposed by (Braun, 2016).
Single rapid events of tectonic displacement could lead to static peaks in the age elevation
relationship, and the relaxation of the isotherms will reset the thermochronologic system as
long as displacement continues. This is especially valid, for apatite (U-Th-Sm)/He system,
that has a closure temperature low enough to record the normal fault displacement. If this
holds true, our (U-Th-Sm)/He measurements become a direct measure of fault displacement.
However, to finally prove this hypothesis it would be necessary to couple the obtained
distribution with a thermo-kinetic numerical model.
3.5.3 Comparison with AHe ages from southern Tibet
The consistency of detrital AHe is highlighted by the comparison with the detrital set of
Carrapa et al. (2017). In Fig. 3.12 we report the comparison with the distributions of detrital
grains coming from river of southern Tibet. The raw ages are compared in Fig.3.12A,
whereas corrected and selectively corrected ages are reported in Fig.3.12B and in Fig.3.12C.
From visual comparisons we can see that the two datasets display similar distributions, in
range and main peaks. Apart from the general similar range, the peaks alignments will
improve from raw to corrected to selective. The results from the K-S show an increase in
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likeness from plot A to plot C, with both the parameter D and p-value increasing and, while
the increase from raw ages to corrected is slight (from 0.60 to 0.62), the third comparison
increases up to a value of 0.85. The good fit between the two dataset highlights primarily
a common regional exhumation history, thus corroborating the idea that the underlying age
distribution is mainly controlled by the cooling events (in this case of an arid environment
with spatially homogeneous erosion). Moreover, to allow such a fit, the methodological
uncertainties should play a minor role; if not, they would cause significant dispersion of
the ages and impede a comparison between apatite grains with different chemistries and
genesis. Finally, the increasing likeness when the selective correction is applied, speaks in
favour of accounting for abrasion of detrital grains and we therefore argue that this must
be accounted when dealing with modern sand-derived samples for apatite (U-Th-Sm)/He.
This fact confirms our findings on the selective correction and poses the idea that in a
river environment rounding of the grains is fast and effective, and will likely overprint the
delivering of inherited, "already rounded" grains from sedimentary rocks. We discuss this
aspect further in the next section.
3.5.4 Abrasion in detrital grains
From our results, the ages from the crushed centimetre-size, pebble-derived apatites (STR-
001p, as a potential simple solution to avoid a selective correction) differ from the "loose
grain" counterpart in spite of being derived from the same sample location (STR-001, Fig.
3.8). The most likely explanation is that not all pebbles contribute to the ages equally. Single
pebbles with substantially higher apatite content will be overrepresented and bias the obtained
age. While they still contain valuable cooling age information, but a study based solely on
pebble-derived apatites would lead to incorrect conclusion.
The effect of neglecting the rim abrasion appears small especially when considering the
analytical uncertainties for these ages. Nonetheless the alpha correction become increasingly
important towards older ages and, more generally, detrital distribution are described with
KDE or other density estimates that do not explicitly take uncertainty into account, and are
more sensitive to the relationship between the various ages.
We acknowledge that a critical point in our analyses is the possibility that rounded grains
might be inherited from meta-sedimentary sources, thus theoretically needing a correction.
This potential source of uncertainty is strongly dependent on the underlying lithologies. Even
so, when a possible source of inherited grains is present in the catchment, these grains must
undergo a series of events: survive diagenesis in the host rock, experience complete resetting,
then come to the surface again and re-enter the fluvial system, not abrading further thus
competing with river-abraded apatites. While we cannot state that this is a unlikely scenario,
apatite minerals are not chemically and physically resistant (Kowalewski and Rimstidt, 2003;
Reiners et al., 2007) and further abrasion and rounding of inherited grains is likely. Thus
40
3.5 Discussion
Corr. Age:
15.36 ± 1.81
Corr. Age:
16.86 ± 1.98
Corr. Age:
17.31 ± 2.04
Sel. Age (no Ft):
15.32 ± 0.95
Corr. Age:
20.13 ± 2.38
Sel. Age (no Ft):
15.52 ± 0.96
100 μm
100 μm 100 μm
100 μm
Figure 3.13: Example of dispersion toward ages older than granite cooling introduced by applying
the alpha correction without taking into account the abrasion characteristic of the grains (grains
from sample STR-003).
we predict that the number of grains affected by the fluvial reworking will far outweigh
the recycled grains contained in the sedimentary rocks, at least in our case. As stated
above, the strongest argument in favour of this interpretation comes from the increase in
likeness between our age distribution and the dataset of Carrapa et al. (2017) when a selective
correction is applied to both datasets. Therefore, although we cannot completely rule out
an important role for this inherited component, through our observations we come to the
conclusion that river abrasion is the main driver of apatite morphology change, and the
positive effects of including a measure of grain abrasion outweighs the effect of not including
it (Fig. 3.13). The only way to really test this problem is by knowing the distribution
of helium, i.e. concentration profiles of the gas of the rounded grain thus discerning if
alpha-ejection has taken place or not, with a method such as 4He/3He thermochronometry
(e.g. Shuster and Farley, 2004). In obtaining our dataset, analysing detrital rounded grains
provided the positive and straightforward advantage of increasing the number of grains. This
fact alone is of critical importance in detrital studies, where a statistically sufficient number
of grains is necessary to avoid the risk of not obtaining a age population (Vermeesch, 2004).
Furthermore, the small impact of ages that are too-old (i.e. the majority of the grains are
younger than granite emplacement) is an indication that the grain quality is possibly enriched
in the detrital separates, pointing out that the effect of inclusions in detrital grains might be
softened by a preferential selection of resistant, structurally homogeneous grain during river
transport.
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3.6 Conclusions
We collected detrital sand samples from the Kali Gandaki river, central Nepal, to extract
information on the cooling history of the graben by looking at the detrital distribution of
apatite (U-Th-Sm)/He ages. In doing so, we addressed two important aspects of detrital
AHe: if the age distribution is correctly linked to the cooling history and if a bulk
correction for alpha-ejection is needed when analysing detrital grains. Our analyses suggest
that in river dominated environment the application of detrital thermochronology may add
valuable information on the general tectonic record, in particular when bedrock sampling
is hindered. We show that our apatite grains show peaks in age density that are consistent
with the available geologic records, thus matching well with a set of external constraints
on the tectonic activity and displacement along the main fault responsible for the graben
development. However, we propose that special attention should be posed on grain selection
and a homogeneous shape for grain morphologies is needed to capture the whole spectrum of
grain population and helps to achieve a high number of datable grains. In this case, a selective
approach when accounting for alpha correction is needed, and the abrasion characteristics are
to be taken into account. We suggest a simple approach to obtain a selective correction on
detrital grains, but we acknowledge that the application may strongly vary depending on the
geologic context, the source of the apatites and the velocity of cooling.
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4.1 Introduction
Abstract
While contractional structures dominate the southern margins of the Himalayan-Tibetan
orogen system, N-S extension at the Tibet-to-Himalaya transition has been accommodated
by the South Tibetan detachment zone (STDZ). Cenozoic E-W extension through strike-
slip faults and extensional grabens, is usually seen as a typical feature of the the interior
of the orogen, e.g. the Tibetan Plateau. However, several extensional features extend as
south as the STDZ and High Himalaya, and is growingly recognized that orogen-parallel
extension along these features initiated during mid-Miocene. In order to share a common
onset, they must be kinetically linked, and we test this hypothesis by looking at the long-
term exhumation history of the Thakkhola-Mustang graben, the most central of the grabens.
We use detrital apatite fission track and (U-Th-Sm)/He thermochronology from modern river
sand, and couple our thermochronological observations with a 2D numerical model. By
solving the heat transport equation and comparing the real and artificial age distributions, we
obtain a robust indication of the consistency of our detrital dataset. Our results indicate two
distinct phases of exhumation, an earlier event which terminated by 20 Ma and a younger
event which initiated between 13 and 11 Ma and accelerated after 10 Ma. We link the
first event to regional exhumation due to motion along the STDZ while the younger event
marks the initiation of extension in the Thakkhola-Mustang graben. The timing of extension
initiation in this region is contemporaneous with motion on other structures accomodating
orogen parallel shear. We envision that this is linked to orogen parallel transport of mass as
proposed by Whipp et al. (2014).
4.1 Introduction
The development of the Himalayan fold and thrust belt system has been accommodated
by a southward progression of large thrust faults. These constitute a marked accretionary
wedge that absorbs almost 2 cm per year of convergence. While progressing southward the
orogen has also accommodated lateral, arc-parallel shear. Several models have been proposed
and structures have been identified to explain orogen-parallel (OP) extension. The proposed
models can be divided into two groups: one identifies the driving mechanism for extension
within the Tibetan Plateau, e.g. lateral extrusion (Tapponnier et al., 1982); others relate the
processes to the arcuate shape of the orogen, e.g. oroclinal bending (Ratschbacher et al.,
1994), radial thrusting (Seeber and Armbruster, 1984) and oblique convergence (Seeber and
Pêcher, 1998)).
In the case of the oblique convergence model, that has recently received renewed attention
in the modeling work of Whipp et al. (2014, Fig. 3.1), the features that accommodate the
retro shear must be kinetically linked and share a common timing for activation. This paper
focuses on dating the onset of extension in the central Nepal Himalaya to test whether it
is contemporaneous with motion of other structures accommodating extension and orogen
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Figure 4.1: Satellite view of the Himalayan orogen with the model of Whipp et al. (2014)
superimposed. Data for the orogen parallel movements, from west to east: onset of slip in the
Ladakh Karakorum fault (KF) (Searle et al., 1998); fault onset of slip on the south Karakorum
fault (Lacassin et al., 2004); Gurla Mandata (Murphy and Copeland, 2005) and (McCallister et al.,
2014); and Upper Karnali valley (Nagy et al., 2015); Thakkhola graben (our study, Godin et al.
(2001), Garzione et al. (2000)); Gyrong basin (Shen et al., 2016), Ama Drime (Cottle et al. (2009);
Kali et al. (2010)), Yadong (Xu et al., 2013). Schematic diagram of velocity/strain partitioning
along the Himalayan arc from Whipp et al. (2014). In the partitioned case plate convergence
vectors, velocity VIN (blue) and orogen-normal slip vectors VS ON (red ) result in vectors VOP
(black vectors) increase with obliquity γ in both directions along the arc leading to orogen-parallel
extension.
parallel shear. We use detrital low-T thermochronology to quantify the spatial distribution of
erosional/exhumational events within the Thakkhola-Mustang graben. The main assumption
is that, in a confined catchment where a major tectonic structure is present, the density of
detrital grains is linked to the magnitude of the exhumation events. By combining two
different thermochronometers, specifically apatite (U-Th-Sm)/He (AHe) and fission track
(AFT), with a numerical model that predicts a priori distributions of detrital cooling ages,
we aim at identifying the exhumation pulses that created the graben, along with using detrital
thermochronology in a novel way.
4.2 Field Setting
The Thakkhola-Mustang graben is located in central Nepal and marks a strategic passage
from the the high topography/high relief of the range front and the high topography/low
relief typical of the Tibetan Plateau (Fig. 4.2a). The graben formed within rocks of the
Thetyan Himalaya, a 10 km thick sedimentary sequence, deposited in the passive margin of
Indian paleo-continent between the early Paleozoic and early Tertiary (Garzanti, 1999). The
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bounding structures are the Thakkhola-Dangardzong fault to the west and the South Tibetan
Detachment to the south.
The South Tibetan Fault System or Detachment zone (STDZ) separates the Thetyan rocks
from the Great Himalayan sequence by a set of north-dipping, east-striking shear zone and
brittle faults. Ductile motion along the STDZ in this area is thought to stop between 23 and
18 Ma (Hodges et al., 1996) but may be episodically active into the Quaternary (Hurtado,
2002; McDermott et al., 2015). The STDZ is quite certainly following pre-existing lithologic
contact (Yin, 2006).
The main structure responsible for the east west extension and graben development is the
Thakkhola fault, outcropping on the western flank of the graben (Bordet, 1971; Fort et al.,
1982; Hagen, 1968). The Thakkhola fault separates the Thetyan Sedimentary Sequence in
its footwall from Tertiary and Quaternary basin fill and exposes two granitic plutons, the
Mustang ad Mugu leucogranite, that were firstly described by Le Fort and France-Lanord
(1995). The most recent dating work (Hurtado, 2002) has yielded new minimum U-Pb age
constraints for the oldest phases of the Mugu leucogranite (20.76± 0.67 Ma) and the first age
constraint for the Mustang granite (23.35 ± 0.17 Ma).
To date, the displacement along the Thakkhola fault has been reconstructed from the syn-
tectonic basin fill. Two different formations, the younger and thicker Thakkhola formation
and older Tetang formation sum up to a deposition of almost 1 km thick sediments, and are
separated by an angular unconformity which indicates a break in deposition. This break is
also reflected by the available stratigraphic dating.The older formation is the Tetang deposit,
dated between 11 and 9.6 Ma with magnetostratigraphy (Garzione et al., 2000), that lays
unconformably below the slightly younger Thakkhola formation, for which the maximum
age is either 8 Ma or 7 Ma. The onset of of Tetang deposition (> 11 Ma) has been assumed
as the initiation of displacement along the west bounding fault, along with the evidence from
40Ar/39Ar muscovite from Godin et al. (2001). The authors hypothesized that ages between
13 and 11 Ma are indicative of hydrothermal activity associated with brittle extensional
faulting, that reset the thermochronometer and are linked with onset of extension. These
published constraints, although insufficient to be a compelling evidence for initiation of
extension, serve as additional support to our analysis.
4.3 Thermochronological data
Six detrital sand samples were collected along the Kali Gandaki River. The detrital dataset
is complemented by one bedrock sample from a high elevation dike of the Mustang granite
(5492 m., Fig. 2b). This study focuses on integrating the existing apatite (U-Th-Sm)/He
dataset with new apatite fission track data from the same set of samples. The age distributions
are displayed using kernel density plot, to obtain age peaks that we can relate to tectonic
events(Vermeesch, 2012).
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4.3.1 Apatite FT
The 111 newly obtained detrital AFT ages range similarly to the AHe ages presented in
chapter 3, with a peak in Miocene and the presence of older Cretaceous ages. However,
the main peak of the bulk population is centered around 22 Ma, with 97% of the grains
statistically belonging to this main peak but maintaining a higher density until ca. 50 Ma. On
the other hand, the age density steeply decreases after 18 Ma, with few ages in the 15 to 9 Ma
interval and no ages younger than 9 Ma. The detrital AFT data from the Thakkhola graben is
presented in Fig. 2c. The main peak of the detrital dataset is in agreement with the bedrock
sample of the Mustang granite that we collected. The mean bedrock age is 20.3 ± 2.8 Ma,
obtained through dating of 14 grains. The thermal history of the bedrock sample has been
modeled using the program Hefty and displayed in Fig. 2d (Ketcham et al., 2011). Details on
the detrital and bedrock ages and the thermal modelling of the AFT track data can be found
in the supplementary material.
4.3.2 AHe Data
The detrital apatite (U-Th-Sm)/He ages are visualized in Fig. 2c, and details on sample
processing and AHe data are reported in the chapter 3. The bedrock sample provided five
aliquots that were dated for apatite (U-Th-Sm)/He, that present a relative high intra-sample
dispersion from 17.8 ± 2.1 to 12.1 ± 1.4 Ma with mean age of 14.5 ± 2.7 Ma.
Although the obtained age range spans from Pleistocene to the Cretaceous, the bulk of
detrital ages is comprised in the Miocene, from 4 Ma to 20 Ma, with a major peak at 8
Ma (Fig. 2c). The ages older than Miocene must represent apatites derived from the non-
reset Tethyan Himalaya. Because of the small number of older grains and our focus on
the Himalayan orogeny, we threshold the density plots at collision time (ca 50 Ma). For
analysing a detrital dataset, the abrasion effect of river transport and consequent rounding of
the grains is accounted for when correcting the grains for alpha ejection (Farley et al., 1996).
While analysing only euhedral grains would represent a solution, we include round apatites to
increase the number of dated grains and to avoid possible biases introduced by morphology.
In this case, correcting rounded detrital grains that show signs of textural abrasion on all edges
and facets may introduce a systematic dispersion. Therefore, we present the results with the
various correction schemes in Fig. 2c: raw ages, fully corrected, a selective correction, and
only idiomorphic grains. For a longer discussion on the selective correction, see chapter 3.
However, to avoid possible ambiguities in the conclusion of this study, we checked for an
influence if the correction strategies in the modeling.
4.4 Numerical modeling and implications
Detrital ages are commonly challenging to interpret due to a series of assumptions regarding
the link to the distribution of ages within a catchment. Here we employ a numerical
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Figure 4.2: a: Geology and topography map of western Nepal with main tectonic features and
location of the studied catchment. KF: Karakoram fault; GMH: Gural Mandhata-Humla fault;
DF: Darma fault; TbF: Tibrikot; TF: Thakkhola fault; STDZ: South Tibetan Detachment zone;
MCT: Main Central Thrust; MFT: Main Frontal Thrust. b: Location of samples within the
catchment (black line). c: Density plots of the detrital thermochronology. d: Inverse modeling
time-temperature path of the bedrock data with the program Hefty, including AHe and AFT data
(Ketcham, 2005).
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model to test whether multiple exhumation events controlled by faulting can explain the
observed detrital distribution and, if so, how well our data can constrain the timing of distinct
exhumation events. We solve the heat equation in two dimensions to predict the distribution
of ages that are then sampled randomly and compared with the measured distributions as
CDFs (Cumulative Density Functions). The input geometry for the numerical model is based
on a cross section of the half graben (extent = 30 km, Relief = 3.5 km), with a major steeply
dipping normal fault (70 to 80 degrees). The model run assumes two events, each with a start
(S x), an end (Ex) and a total erosion (Erx), at a certain geothermal gradient (G).
While the erosion events can be consecutive, they cannot overlap. We performed a large
number of model iterations (100 to 150) using the Neighborhood Algorithm optimization
method developed of Sambridge (1999) in order to find the optimum values of range of values
for the parameters S1, E1, S2, E2, Er1, Er2 and GeoT that best reproduction the detrital AFT
and Age. The results of the inversion/optimization suggests two temporally distinct cooling
episodes. Onset of the first episode (S1 in Fig 3d) is difficult to constrain and coincides with
the arbitrary choice we have made for the start of the model, but its end is clearly constrained
by the data to lie between 25 and 20 Ma (E1 in Fig 3c)’. The inversion shows that the detrital
data is most consistent with a second event starting between 13 and 11 Ma (S2 in Fig.3b)
and ending between 3 and 1 Ma (E2 in Fig3a). We also compare in Fig.3e the predicted age
distributions obtained with the best fitting model parameters (see inset in Fig.4.3e for their
values) with the detrital age datasets.
4.5 Discussion
4.5.1 Regional exhumation along the STDZ
The older cooling event predicted by the model is recorded mostly by the bedrock and detrital
AFT data. While the end of the cooling event is well constrained (25-20 Ma), a clear mark for
the onset is absent and this is shown by the misfit that converge towards the start of the model
(Fig. 3-d). The most likely explanation invokes the effect of metamorphism that affected the
Thetyan Himalaya (TH). Metamorphism in this area reached peak temperatures around 250-
350 °C, reported from the western Dolpo and Hidden Valley (Crouzet et al., 2007; Garzanti
et al., 1994). If these metamorphic temperatures were reached progressively after collision,
the detrital FT is also expected to progressively increase, making the start of the cooling event
difficult to discern.
The end of the first cooling event predicted by the model, and most likely the peak of the
metamorphic overprint, culminated with the rapid tectonic exhumation of the leucogranites
that intruded the tethyan rocks, facilitated by the active STDZ. We must clarify that the
model assumes erosion along an active fault, but the Thakkhola fault was not active yet.
Nonetheless, we think that a fault with a geometry as the Thakkhola is a reasonable
approximation to emulate the STDZ the fault (the perpendicular orientation of the STDZ
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is not important in a 2 dimensional model). We refer to the active STDZ that facilitated the
exhumation of the leucogranites event as extrusion in the schematic diagram in Fig. 3-f.
The Mustang granite, similarly to other leucogranites (Searle et al., 1998) intruded and
cooled very rapidly. Notably, a rapid cooling event is recorded ubiquitously in the TH, even
considering thermochronometers with higher closure temperatures. The apparent consistency
in age patterns close to the STDZ across various thermochronometers has been explored
theoretically by Braun (2016) and was proposed to be related to cessation of motion on the
STDZ.Shen et al. (2016) report a similar trend for detrital FT in the neighbouring Gyrong
graben to the results presented here, and Kellett et al. (2013) measured similar ages for apatite
(U-Th-Sm)/He in the Sikkim Himalaya.
Another recent study finds the end of south directed extrusion at the same time in western
Nepal (Nagy et al., 2015). The authors report in situ monazite textural analysis which indicate
retrograde metamorphism, and the last stages of S-directed extrusion of GHS, between ca. 19
and 15 Ma. The transition from south directed extrusion to orogen parallel extension to have
happened between 15 and 13 Ma is reported by Nagy et al. (2015). This timing coincides with
the bedrock thermochronology, the decreasing density in detrital AFT after 15 Ma, and the
first peak in density in the detrital AHe between 18 and 14 Ma (see first peak in AHe-density
curves in Fig. 2-c; the ages that are most likely derived from the high-elevation outcrops of
the granite). We therefore think that the first period of exhumation documented in our model
as well as other regional thermochronology corresponds to an active STDZ and the end of
south directed extrusion on this structure.
4.5.2 Local exhumation along the Thakkhola fault
The onset of the second cooling event, as shown by the results of the numerical model, takes
place between 13 and 11 Ma (see Fig. 3-b), where the lowest misfit converges independently
of the correction scheme used for the AHe (see Supplementary Fig B.5). Graben formation
and local exhumation, extending after the cessation of movement along the STDZ, are
recorded by the AHe distribution of ages younger than the AFT.
The Thakkhola fault has been identified as the main structure responsible for the development
of E-W extension. The onset of its activity was linked to deposition of the Tetang formation,
dated with magnetostratigraphy to have happened between 11 and 9.6 Ma. Interestingly,
this age range overlaps with the estimation of the mean age for our second peak; we argue
therefore that these ages are representing the onset of a thermal activity and exhumation along
the Thakkhola fault.
The conclusions of other studies are in agreement with our findings. Nagy et al. (2015) report
argon 40Ar/39Ar thermochronology from orogen-parallel ductile fabric in the Gurla Mandata
shear zone, with ages between ca. 13 and 10 Ma indicating active orogen parallel shear. This
timing overlaps with the estimate for onset of extension in our dataset at ca. 13 Ma, that
in turn is corroborated by muscovite ages of 12.7 + 0.4 and 11.8 + 0.4 Ma by Godin et al.
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(2001) who dated hydrothermal muscovite in a fracture along the STD and interpreted the
resulting age range as evidence for the activity of the Thakkhola at this time Furthermore, the
main activity of the fault is temporally decoupled from its initiation: the Tetang formation is
tilted and lays unconformably under the Thakkhola formation. Assuming that this break in
deposition is caused by a quiescence in tectonic activity, it is not surprising to find low age
density in the AHe around 10 Ma. A renewed increase after 10 Ma reaches the major peak
around 8 Ma (Fig. 2-c and 3-e) and the likely explanation for this is the acceleration of activity
and normal faulting along the Thakkhola fault, that ultimately resulted in the deposition of
the ∼ 1 km thick Thakkhola formation from 7 Ma (Garzione et al., 2003). McCallister et al.
(2014) coupled zircon U-Th/He from the Gurla Mandata Detachment with a thermokinematic
model, to find similar onset but subsequent acceleration of the slip on the fault.
We highlight that these robust constraints, evident unambiguously when the two detrital
thermochronometers are combined with a numerical model, allow a more detailed spatial
reconstruction of the opening and development of the Thakkhola graben. With these results
we proceed further to answer the fundamental question of what mechanism is driving the
extension, and we found the best explanation in the model of Whipp et al. (2014) that predicts
OP extension where convergence obliquity γ = 0 (Fig. 3.1).
4.6 Conclusions
Detrital apatite (U-Th-Sm)/He and Fission Track cooling age data derived from modern sand
samples from the Mustang-Thakkhola graben were coupled with a numerical model to predict
the main exhumation events. Along with the available geologic external constraints, our
analysis shed new light on the long-term exhumation history of the area, with consequences of
importance for the whole Himalayan orogen. From the relationship between the two different
thermochronometers, we identify two distinct exhumation events. We interpret these events
in the frame of a critical switch in tectonic style that affected the graben, from rapid cooling
of granite and exhumation related to the STDZ to normal faulting due to onset of extension.
We set the transition after the decrease in AFT age density and first peak in the detrital
apatite (U-Th-Sm)/He dataset, that correlate positively with model exhumation obtained
from the bedrock data. The initiation of extension between 13 to 11 Ma is constrained by
the increase in age density in the apatite (U-Th-Sm)/He thermochronometer and confirmed
by the results from the numerical modeling after a transition period of 2 to 4 My. Our
thermochronological and modeling result correlate with the published data by Godin et al.
(2001) and the corresponding deposition of the Tetang formation. Following onset of normal
faulting, the main extensional phase and graben development has occurred between 10 to 4
Ma, but it is likely still active today.
We finally suggest that the recognized opening of the graben is linked to a contemporaneous
development of orogen parallel extensional and strike slip structures, observed ubiquitously
in several other part of the orogen. This recognition supports the model of Whipp et al. (2014)
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and orogen parallel transport of crust and has important consequences for central Nepal and
the general tectonic models of the Himalayas.The future development could be extending the
model of Whipp et al. (2014) for orogen parallel transport back in time, to understand the
mechanism behind syntaxes development and subsequent rapid exhumation.
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4.7 Appendices
4.7.1 Detrital approach
We constrain the long term exhumation history of the Mustang graben by determining the de-
trital apatite helium and fission track ages from samples taken from the main drainage system,
the Kali Gandaki river. We choose the detrital thermochronology due to the inaccessibility
of the area, the scarcity of outcrops, combined with the nature of the sedimentary THSS, that
are notoriously poor in datable minerals, especially the relatively weak apatite. One bedrock
sample - MUS-001 - was collected at high altitude from a leucogranitic dyke intruding the
sedimentary rocks close to Lo Manthang. Two samples were collected from the syntectonic
filling of the Tetang and Takkhola formation, however the mineral separation did not supply
sufficient material for a reliable analysis.
The minimum number of grains necessary to accurately constrain the exhumation history
is still a debated question in detrital thermochronology. A recent study from Avdeev et al.
(2011) proposed that in case of simple exhumation histories, a set of samples fewer than
20 could provide reliable information on the onset of exhumation in a defined catchment.
However, since our study area has likely experienced a complex exhumational history, our
goal was to measure at least 100 grains, a number statistically robust to capture all tectonic
information.
4.7.2 Laboratory procedures
Apatite fission-track (AFT) analysis has been carried out to compare the distribution of ages
to the available apatite (U-Th-Sm)/He ages from the same set of detrital samples from the
Mustang graben. The AFT method is based on the spontaneous fissioning of 238U that causes
radiation damage (fission tracks) in the crystal lattice. At temperatures above ∼ 110 °C, most
of the tracks are fully annealed, whereas tracks are only partially annealed between ∼ 110 and
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Figure 4.4: Summary of obtained detrital FT data.
60 °C (Partial Annealing Zone, PAZ). Fission tracks are then stable at temperatures below 60
°C, and accumulate with time. The method is sensitive to temperatures between ∼ 110 and
60 °C, and thus relates to crustal movements in a depth of ∼ 5 to ∼ 2 km of the upper crust,
depending on the geothermal gradient.
Sand samples of varying weight (8-10 kg) were sieved and mechanically sorted (Wilfey
Table) prior to heavy liquid (LST fastflot and Diiodmethane) and magnetic separation (Frantz
Magnetscheider) in order to get apatite-rich mineral separates. To enhance the quality of the
samples, apatite grains were handpicked with a special care in sampling the greatest range
of observable characteristics such as roundness, size and colour. Apatite grains were then
mounted in epoxy resin on glass slides, ground and polished and etched in 5 mol/l HNO3 at
20 °Cfor 20 seconds to reveal internal surfaces and thus spontaneous fission tracks. Apatite
mounts and dosimeter glasses covered by external mica detectors were irradiated by thermal
neutrons at the reactor facility FRM-II (Garching, Germany) with a neutron flux of 1 x 1016
n/cm2. AFT analysis was carried out at the University of Bremen using the external detector
method according to the recommendations of Gleadow et al. (1983) and Donelick et al.
(2005). Ages were calculated using the zeta calibration method (Hurford and Green, 1983)
with the dosimeter glasses IRMM 540 (De Corte et al., 1998). Zeta calibration was carried
out on six Durango and Fish Canyon samples. Track length measurements and their angle
relative to c-axis as well as Dpar measurements followed the protocols of Laslett et al. (1982)
and Donelick et al. (2005) using only horizontal confined fission tracks. Length and Dpar
calibration was carried out on five samples with known track length distributions (annealed,
mixed and induced lengths). Fission track mounts were analyzed under a Zeiss Axioplan
microscope at a magnification of 1000x under a dry objective and the fission track stage
software of Dumitru (1993).
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4.7.3 Thermal modeling
Thermal history simulations were conducted using the inverse modeling capabilities of the
computer program HeFTy, which simulates random time-temperature (tT) paths conforming
to defined thermal history constraints. Thermal histories that simultaneously satisfy the date,
eU, and equivalent spherical radius (r) for each sample (Ketcham, 2005). The “good” fits
are intended to be good to the limit of statistical precision, and defined such that the mean of
goodness-of-fit statistics assessed is 0.5, and the minimum is 1/(N+1), where N is the number
of statistics used. For each sample 100,000 random tT paths were simulated to constrain the
full range of “good-fit” histories. Each AHe aliquot was modeled individually along with the
FT data. Each model was imposed to start at temperatures > 300 °Cat the time of granite
emplacement. The emplacement date used were published U-Pb from the work of Hurtado
(2002). Since no model was able to reconcile the FT data to all the AHe aliquots (no “good”
paths were found), we modeled all the AHe aliquots following the scheme: 1) FT together the
two young AHe aliquots 2) FT data with the 14.6 Ma AHe aliquot and 3) FT together with the
two old AHe aliquots. Although the various models present little differences, we prefer the
model that comprises the 14.6 Ma apatite for the following reasons: (1) the aliquot is closely
related to the mean of the sample, (2) we find a similar peak in the detrital AHe. The fact that
the AHe dates are dispersed between 17 to 12 Ma does not change the general conclusion of
the model, that shows a fairly straightforward thermal history, with emplacement followed by
a phase of extreme rapid cooling in the FT sensitive temperature zone, and a following slow
cooling from 14/16 Ma onwards.
4.7.4 Comparison with thermochronology from southern Tibet
In Fig. 4.5 we report the distribution of AHe and AFT ages from our study area and a similar
dataset (detrital AHe and AFT) from southern Tibet. The similarity in range and main peaks,
are an indication of the age distribution are dictated by regional cooling events.
4.8 Model
4.8.1 Model setup
In order to predict detrital thermochronological ages from a given tectonic scenario and
compare them to the detrital age datasets, we solve the heat conduction-advection equation
in two dimension, which takes the form:
∂T
∂t
+ u
∂T
∂x
+ v
∂T
∂y
= κ
(∂2T
∂x2
+
∂2T
∂2y
)
(4.1)
where T is temperature, t is time, x and y are the horizontal and vertical spatial coordinates,
respectively, u and v are the horizontal and vertical coordinates of the velocity vector field
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representing tectonic deformation, and κ is thermal diffusivity. The first term on the left-
hand side of the equation represents the transient response to perturbations caused, in our
situation, by temporal variations in the imposed velocity field. The second term represents
the advection of heat by the movement of rocks with respect to the surface. The term on the
right-hand side of the equation represents the conduction of heat. We neglect the effect of
heat production.
This equation is solved in a rectangular domain of width (or horizontal extent) W = 80
km and depth (or vertical extent) L = 20 km. Top and bottom temperatures (i.e. at y = 0
and y = D) are held fixed at T = 0 and T = L × G, respectively, where G is the imposed
geothermal gradient, and no heat is allowed to exit the side boundaries (∂T
∂x = 0 at x = 0 and
x = W).
The velocity field (u, v) is constructed to represent the motion of two separate blocks on
either sides of a straight, dipping normal fault of dip φ = 80◦ that we selected to match the
dip of the Thakkhola fault. The velocity along the fault is set to be parallel to the fault and of
amplitude ±U and to decay linearly to zero on either side of the fault over a distance D = 30
km, that we selected to match the width of the Takkhola-Mustang graben.
We assume that exhumation of rocks is associated with uplift and erosion of the footwall
block through time. We assume two distinct (i.e. consecutive and non-overlapping) episodes
of motion along the fault and therefore of exhumation of the footwall. The first starts at time
S 1 and ends at time E1, the second starts at time S 2 and ends at time E2. We adjust the velocity
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amplitude, U, during each time interval, U1 and U2, to prescribe the total exhumation during
each episodes near the fault, Er1 and Er2, according to:
Er1 = U1(S 1 − E1) cos φ and Er2 = U2(S 2 − E2) cos φ (4.2)
We use a finite difference scheme to solve the heat equation numerically, using a second-
order accurate centered difference scheme in both x and y directions for the conduction
term and a first-order accurate upwind difference scheme in both x and y directions for the
advection term. Time integration is performed using an implicit scheme to ensure accuracy
and stability. We solve the resulting finite difference equation on a grid of size 101 × 31 and
using 2000 time steps of 30 kyr each.
During the solution of the heat equation, we also track the position of N = 1000 rock
particles that will end up at the surface at the end of a model run at various horizontal
positions along the model and construct a time-temperature path for each of them by bilinear
interpolation of the temperature field obtained by solving the heat equation. Each particle
is also given a random elevation, h, that varies between 0 and R, where R = 3000 m is the
assumed surface relief. The velocity of each rock particle is scaled by (h+ L)/L to mimic the
creation of the relief over the duration of the model run. In this way we are able to reproduce
the variability in the observed age distributions that arises from the observed age-elevation
relationship in the source area.
From the time-temperature paths, we compute, for each rock particle, synthetic AHe
and AFT by solving the thermally-activated solid-state diffusion equation in 1D following
Wolf et al. (1998) for the AHe ages and assuming a uniform grain size of 100 µm, and by
solving the fission track production-annealing equation following Ketcham et al. (2007) for
the AFT ages. Particles that do not reach sufficiently high temperature to have their AHe
or AFT ages reset are given arbitrary age values of 50 Myr. We collate these ages to form
two synthetic detrital age distributions, Ds,1 and Ds,2, for AHe and AFT, respectively. These
distributions are in turn compared to the observed distributions, Do,1 and Do,2, using a Kuiper
test to construct a misfit function, µ given by:
µ = max |Ds,1 − Do,1| + max |Do,1 − Ds,1| + max |Ds,2 − Do,2| + max |Do,2 − Ds,2| (4.3)
We use the Neighbourhood Algorithm developed by Sambridge (1999) to find the best
values of model parameters that minimize the misfit function. These parameter are the
start and end times of the two tectonic (extensional) episodes, S 1, E1, S 2 and E2, the total
exhumation experienced near the fault during each of the episodes, Er1 and Er2, and the
geothermal gradient G.
59
4.9 Supplementary tables
Figure 4.6: Comparison of model runs for parameter S2 (start of the second event)
4.8.2 Model iterations
Model runs were performed using several correction schemes for AHe. For the runs that are
presented in this paper the parameters chosen were the following (for two predicted events):
Parameter Range
Duration of first event (in yr) 1 · 106 to 50 · 106
Time after first event (in yr) 0 to 10 · 106
Duration of second event (in yr) 1 · 106 to 20 · 106
Time after second event (in yr) 0 to 5 · 106
Total erosion of first event (in m) 0 to 10 · 103
Total erosion of second event (in m) 0 to 5 · 103
Geothermal gradient (in C/m) 25 · 10−3 to 35 · 10−3
We performed runs accounting for various correction schemes for the AHe dataset: all
ages corrected (corr), only idiomorphic grains (idio), and a selective correction that takes into
account the rounded grains (select). Shown in figure 4.6 the results for model runs of 150
iterations for the critical parameter S2. The model results were constant independently from
the correction scheme used, with minor variations that are not crucial for the main conclusion
of this study. However, the idiomorphic and selective correction appear to converge similarly
and get to lower misfit values.
4.9 Supplementary tables
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Table 4.1: Apatite Fission Track analytical data
ID Ns Ni A Dpar FT Age (Ma) 1s Error max Age (Ma)
Upper Mustang sample 1 1 7 4 1.62 57.7 1.1 390.7
2 3 20 20 1.47 56.5 10.3 180.7
3 4 32 20 1.72 46.6 11.6 126.5
STR-001 + STR-002 4 1 10 4 1.60 40.7 0.8 249.7
5 0 2 4 1.78 148.2 4.6 1686.3
6 3 16 4 1.66 70.3 12.6 233.1
7 2 21 4 1.56 36.8 3.9 139.7
8 2 19 4 1.71 40.6 4.3 156.2
9 2 14 12 1.78 54.9 5.7 221.5
10 3 27 16 2.04 42 7.8 129.5
11 2 16 10 1.40 48.1 5 189.8
12 2 24 4 1.49 32.2 3.5 120.5
13 3 32 5 1.92 35.4 6.6 107.7
14 2 81 14 1.41 9.6 1.1 33.3
15 0 11 15 - 23.5 0.8 142.7
16 0 9 4 1.56 28.9 1 180.9
17 6 46 12 1.33 48.1 16.4 110.1
18 0 8 8 1.63 32.7 1.1 208.8
19 3 56 16 1.60 20.3 3.9 59.5
20 11 76 12 1.56 52.8 25 98.6
21 4 61 8 1.67 24.6 6.3 63.7
22 5 63 16 1.79 29.5 9 70.4
23 6 57 6 1.63 38.9 13.4 87.7
24 12 224 28 1.48 19.6 9.8 34.5
25 5 137 20 1.39 13.6 4.2 31.6
26 10 205 35 1.81 17.9 8.3 33.1
27 4 10 4 1.49 146.5 33 483.8
28 7 85 30 1.65 30.4 11.6 63.9
29 5 44 6 1.57 42.2 12.7 102.8
30 11 219 28 1.75 18.4 8.9 33.2
31 7 60 8 1.45 42.9 16.2 92
32 16 229 30 1.61 25.5 14.2 41.9
33 5 71 6 1.49 26.2 8 62.1
34 11 234 32 1.54 17.2 8.4 31
35 3 72 11 1.38 15.8 3 45.8
36 9 154 15 1.72 21.5 9.5 41.2
37 10 104 30 1.38 35.2 16.2 66.4
38 6 148 18 1.34 15 5.3 32.7
39 7 71 9 1.57 36.3 13.8 77.1
40 2 79 12 1.43 9.8 1.1 34.2
41 3 44 8 1.49 25.8 4.9 76.6
42 5 120 20 1.68 15.5 4.8 36.1
43 2 45 9 1.44 17.3 1.9 61.4
44 9 102 12 1.42 32.4 14.2 62.9
45 8 119 20 1.26 24.7 10.2 49.4
46 9 102 16 1.33 32.4 14.2 62.9
47 3 58 8 1.7 19.6 3.7 57.3
48 5 65 8 1.45 28.6 8.7 68.1
49 2 30 6 1.48 25.8 2.8 94.5
50 11 56 6 1.46 71.5 33.4 136
51 11 108 15 1.72 37.2 17.8 68.4
52 2 16 6 1.64 48.1 5 189.8
53 2 37 4 1.35 21 2.3 75.5
54 11 108 20 1.29 37.2 17.8 68.4
55 5 163 16 1.53 11.4 3.6 26.4
56 4 81 9 1.83 18.5 4.7 47.5
57 2 37 4 1.71 21 2.3 75.5
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Table 4.2: Apatite Fission Track analytical data (continue)
ID Ns Ni A Dpar FT Age (Ma) 1s Error max Age (Ma)
Lower catchment sample 58 2 9 12 2.32 84.6 8.4 377.6
59 8 122 18 1.79 24.1 10 48.2
60 3 15 12 1.95 75 13.4 251.2
STR-005 + STR-006 61 7 103 35 1.86 25.1 9.6 52.4
62 5 39 24 1.05 47.5 14.2 116.9
63 5 57 16 1.65 32.6 9.9 78.2
64 24 467 55 1.44 18.7 11.8 28
65 14 181 25 1.63 28.2 15 48.1
66 9 152 30 1.51 21.8 9.6 41.7
67 3 62 70 1.56 18.4 3.5 53.5
68 15 201 33 1.59 27.2 14.8 45.6
69 2 34 21 1.74 22.8 2.5 82.6
70 14 229 32 1.65 22.3 11.9 37.9
71 7 94 25 1.65 27.5 10.5 57.6
72 5 206 30 1.89 9.1 2.8 20.8
73 6 90 20 1.42 24.7 8.6 54.5
74 21 235 21 1.69 32.5 19.6 50.5
75 20 432 56 1.65 16.9 10.1 26.2
76 6 116 72 1.65 19.2 6.7 41.9
77 8 128 16 1.6 23 9.5 45.9
78 3 36 56 1.95 31.5 5.9 94.9
79 27 289 16 1.78 33.9 21.8 50.2
80 2 46 15 1.39 16.9 1.8 60
81 11 141 9 1.61 28.6 13.7 52
82 5 99 12 1.52 18.8 5.8 44
83 4 109 12 1.21 13.8 3.6 35
84 2 31 24 1.62 25 2.7 91.2
85 9 182 24 1.82 18.2 8 34.7
86 1 2 12 1.89 189.7 3.1 2780.6
87 13 273 25 1.49 17.4 9 30
88 6 60 24 1.8 37 12.7 83.1
89 7 78 12 1.7 33.1 12.6 69.9
90 5 32 6 1.63 57.8 17.2 144.8
91 7 92 25 1.38 28.1 10.7 58.9
92 3 62 8 1.34 18.4 3.5 53.5
93 2 29 4 1.4 26.7 2.9 98
94 3 25 6 1.61 45.3 8.4 141
95 3 7 1 1.45 157.7 25.8 646.4
96 1 31 4 1.63 13.3 0.3 69.8
97 5 31 4 1.5 59.7 17.7 149.9
98 2 7 2 1.63 108 10.5 521.8
99 4 34 8 1.35 43.9 11 118.5
100 2 8 5 1.58 94.9 9.3 438.5
101 2 9 12 1.73 84.6 8.4 377.6
102 1 14 10 1.84 29.2 0.6 167.9
103 2 28 6 1.38 27.6 3 101.8
104 50 308 24 2.02 58.6 42.4 79.3
105 4 67 6 1.82 22.4 5.7 57.8
106 4 29 3 1.41 51.4 12.7 140.8
107 6 65 8 1.64 34.1 11.8 76.4
108 2 33 4 1.7 23.5 2.5 85.3
109 3 20 8 1.45 56.5 10.3 180.7
110 1 4 8 1.66 99 1.8 855.4
111 2 37 3 1.75 21 2.3 75.5
112 2 27 4 1.44 28.7 3.1 105.9
Table 4.3: Bedrock AFT
Code Location elevationm.a.s.l. n A Nd
ρd
105 tracks/cm Ns
ρs
105 tracks/cm Ni
ρi
105 tracks/cm Chi-sq
central age
Ma
U
ppm
MTL
µm
±
µm SD nMTL
mean Dpar
µm
SD
µm
MUS-001 Mustang 5500 14 174 12246 15.7 61 0.022 694 0.256 1.25 20.3±2.8 0.2148 13.70 0.31 0.47 3 1.62 0.18
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5.1 Introduction
Abstract
The uplift of the Shillong Plateau, in northeast N-E India, between the Bengal floodplain and
the heights of the Himalaya Mountains, has had a significant impact on regional precipitation
patterns, strain partitioning, and the path of the Brahmaputra River. Today the plateau
receives the highest measured yearly rainfall in the world and has hosted one of the strongest
intra-plate earthquake ever recorded. Despite the unique tectonic and climatic setting of
this prominent landscape feature, exhumation and surface uplift are still poorly constrained.
We collected 14 detrital river sand and 3 bedrock samples from the southern margin of
the elevated plateau to measure the catchment averaged erosion rates using the terrestrial
cosmogenic nuclide 10Be. The calculated bedrock denudation rates range from 2.7 ± 0.3 to
6.7 ± 0.6 m My−1, whereas catchment averaged denudation rates from detrital river sands
range from 65 ± 5 to 232 ± 18 m My−1. These rates are surprisingly low in a context of
steep tectonically active slopes and extreme runoff, but corroborates previous observations
that denudation rates in tropical settings can have low sensitivity to rainfall amount. To
determine the onset of surface uplift, we coupled the catchment averaged erosion rate with
a topographic analyses of the southern plateau’s margin. We interpolated an inclined, pre-
incision surface from minimally eroded remnants along the valley interfluves and calculated
the missing volume of the valleys carved beneath the plateau surface. The missing volume
was then divided by the volume flux expected from the erosion rates to derive the onset of
uplift. Our results, ranging from 2.9 to 4.5 Ma for individual valleys (or a mean onset of
4.05 ± 0.60 to 4.15 ± 0.65 Ma), are in agreement with several lines of stratigraphic evidence
from the Brahmaputra and Bengal basin that constrain the onset of topographic uplift and
river incision. Ultimately, our data confirm the hypothesis that surface uplift was decoupled
from onset of rapid exhumation, which occurred several millions of years earlier.
5.1 Introduction
The interactions among surface uplift, erosional processes, and climate are critical for
understanding how mountain belts evolve through time. Surface uplift is rock uplift that is not
balanced by erosion, and thus creates topography. In the Himalayas, several studies report
spatial correlation between rapid rock uplift, intense precipitation, and high erosion rates
(Clift et al., 2008; Hodges et al., 2004). However, quantifying the timing and magnitude of
surface uplift is often challenging. Although several different methods have been developed to
achieve this task, each suffers from limitations: stable-isotope based paleoaltimetry often has
poor (∼ 11 km) resolution (Rowley and Garzione, 2007), incision rates from fluvial terraces
rarely extend beyond 105 years and may be dependent on the measurement interval (Finnegan
et al., 2014), and reconstructions of surface uplift from river longitudinal profiles require
simplifying assumptions regarding erodibility, climate, and bedrock incision dynamics that
often cannot be satisfied (Adams et al., 2016; Schildgen et al., 2012). The Shillong Plateau,
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comprising mostly basement rocks standing 1.5 to 2 km above the surrounding sediments
of the Himalayan foreland between India and Bangladesh (Fig. 5.1), marks one of the
world’s most dramatic orographic rainfall barriers. The abruptly rising topography of the
plateau’s southern margin intercepts humid air masses of the Indian summer monsoon (ISM),
resulting in extreme rainfall of 7 to 12 m y−1, recorded both in satellite measurements
(Bookhagen and Burbank, 2006) (Fig. 5.2c) and by the weather station in Cherrapunji (Soja
and Starkel, 2007). This orographic barrier creates a rain shadow in Bhutan, which may relate
to slower long-term exhumation (rock uplift that is balanced by erosion) since 6 Ma (Grujic
et al., 2006). Recent new low-temperature thermochronology data, however, contradicts this
relationship by documenting rapid exhumation from the inner area of the rain shadow in
Bhutan (Adlakha et al., 2013).
Resolving the plateau’s surface uplift history is critical for deconvolving the relationships
among topographic development, precipitation patterns, and erosion. Important consequen-
ces include clarifying the plateau’s role in perturbing the ISM (Bookhagen and Burbank,
2010) and regional rainfall patterns, the interplay of strain partitioning within Bhutan (Adams
et al., 2015; McQuarrie and Ehlers, 2015), lateral shifting of the Brahmaputra River (Bracciali
et al., 2015), and the seismic hazard along the plateau’s northern and southern margins
(Bilham and England, 2001; England and Bilham, 2015; Vernant et al., 2014). Despite the
importance of this problem, the Shillong plateau’s surface uplift history has remained poorly
constrained. Low-temperature thermochronology data indicate increased exhumation rates
through time (Biswas et al., 2007; Clark and Bilham, 2008), but the transition to surface
uplift is unclear. Other approaches that are primarily based on stratigraphic constraints have
limited the onset of uplift to between roughly 2 and 4 Ma (Najman et al., 2016), although there
are large uncertainties on the ages of the stratigraphic units. To better constrain the timing of
surface uplift, we combine catchment mean erosion rates derived from 10Be concentrations in
detrital river sand with topographic analyses that constrain the volume of material removed
from each catchment since the onset of surface uplift. It is more accurate to use the term
“denudation” rather than “erosion” when referring to 10Be derived rates at a basin scale,
considering that a weathering component is included in these rates. We, however, prefer to
use the term “erosion rate”, thereby referring to the rate of sediment removal. We interpret
our results in the context of previously published datasets to propose a detailed evolution of
the plateau’s uplift. Moreover, we assess the relationships among topographic relief, rainfall,
and erosion in this region of intense precipitation and steep slopes.
5.2 Study Area
The Shillong Plateau is broadly rectangular in shape, with elevations of almost 2000 m
flanked by steep and in places deeply incised slopes. The low-relief surface between the
deeply carved fluvial valleys (Fig. 5.2) may represent a paleo-erosion surface (Migon´ and
Prokop, 2013). Although the elevation of the plateau is minor relative to the neighbouring
65
5.2 Study Area
28°0'N
27°0'N
26°0'N
25°0'N
24°0'N
23°0'N
22°0'N
21°0'N
28°0'N
27°0'N
26°0'N
25°0'N
24°0'N
23°0'N
22°0'N
21°0'N
94°0'E
94°0'E
93°0'E
93°0'E
92°0'E
92°0'E
91°0'E
91°0'E
90°0'E
90°0'E
89°0'E
89°0'E
88°0'E
88°0'E
Bengal Fan
BhutanNepal
India 
B
u
r
m
a
 
Surma 
Basin
Bangladesh
Bay of Bengal 
0 200Scale: km
In
d
o
-B
u
r
m
a
n
 R
a
n
g
e
s
OF
DF
Bengal Basin
e
n
o
Z
 
e
g
ni
H
G
anges River
reviR
Shillong Plateau
Elevation
High : 8263
 
Low : 0
H mi ala ay
Fig. 2
Figure 5.1: Regional map of the Shillong Plateau (modified from Najman et al. (2016) and
surrounding morphotectonic features. DF = Dauki Fault; OF = Oldham fault.)
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the detrital river sand samples. Samples are named according to the catchment and the position
within the catchment: “a” refers to a sample above knickpoint zone and “b” refers to below (Table
5.1 and 5.2). Yellow circles represent the three bedrock samples from flat surfaces on top of the
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vegetation taller than 5 m (Hansen et al., 2013). c - Mean annual rainfall from Tropical Rainfall
Measurement Mission, "TRMM" (Bookhagen and Burbank, 2010)b - Bedrock geology after Devi
and Sarma (2010); Yin et al. (2010).
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Himalayan peaks, the abrupt rise in topography from the plains of Bangladesh (mean
elevation of < 20 m in the Surma Basin) to the plateau’s southern margin (∼ 1500 m) over a
horizontal distance of less than 10 km creates an efficient orographic rainfall barrier.
The steep topography in the south has been built by the north-dipping Dauki fault, which is
interpreted to be a regional deeply-rooted blind fault (Ferguson et al., 2012). A single back
thrust (Oldham Fault) was initially identified as contributing to a pop up structure along the
northern plateau margin (Bilham and England, 2001), although multiple structures (including
the Brahmaputra valley fault) are now believed to help accommodate uplift, even if their clear
identification is hampered by the overlying Quaternary fluvial sediments (Yin et al., 2010).
The uplifted plateau exposes crystalline basement rocks, quartz feldspathic gneiss intruded
by deformed granitoids, and metasediments of the Proterozoic Shillong group (Ghosh et al.,
2005)(Fig. 5.2c). The basement is covered by Cretaceous to Neogene sediments along the
southern edge that dip to the south. Eocene strata overlie the basement at both the east and
the west plateau margins, whereas older Cretaceous strata are exposed in the central part.
For a detailed description of the different lithologies, see Yin et al. (2010, and references
therein). The sub-horizontal Cretaceous and Eocene sedimentary units lying unconformably
on top of the plateau indicate that the plateau surface was part of the continental shelf during
the deposition of the passive-margin related sediments at least up to Eocene times (Steckler
et al., 2008). Pro-delta sediments were deposited from the Oligocene to the Pliocene on
top of the passive margin sedimentary units, specifically the Barail Formation, the Surma
group (Bhuban and Bokabil), the Tipam Formation, and the Dupi Tila Formation (Johnson
and Nur Alam, 1991). In the mid-Miocene, the plateau’s southern edge was buried by at
least 3 km of these Himalayan derived sediments, as is evident from two distinct trends in
apatite fission track and apatite (U-Th-Sm)/He data (Biswas et al., 2007; Clark and Bilham,
2008). Both studies reported older (Cretaceous), unreset ages at the northern side of the
plateau and younger ages in the south, indicating that the central plateau was buried under
a spatially variable sedimentary cover (thinner to the north and thicker to the south) when
regional exhumation began, between 15 and 9 Ma (Biswas et al., 2007; Clark and Bilham,
2008). Biswas et al. (2007) proposed that exhumation and surface uplift were decoupled, with
the latter starting no later than 3 to 4 Ma. Several lines of stratigraphic evidence corroborate
this idea. First, a facies change attributed to the uplift of the plateau occurs in the Tipam
Formation, from deltaic to coarse-grained fluvial sandstones (Johnson and Nur Alam, 1991).
A magnetostratigraphic age at the base of the Tipam sandstone is 3.5 Ma (Worm et al., 1998).
Moreover, Najman et al. (2016) showed that significant surface uplift of the Shillong Plateau
must have commenced between 3.5 to 2 Ma, based on reconstructing the stratigraphy of the
Surma basin with a flexural model. However, uncertainties in the stratigraphic ages, along
with imprecise age constraints from the thermochronological data, have precluded making
clear conclusions regarding the timing of fault activity, the onset of exhumation, and the
onset of surface uplift.
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5.3 Methods
5.3.1 10Be derived catchment-averaged erosion rates
We analysed 14 river-sand samples from five different catchments draining the southern
margin of the plateau, as well as 3 bedrock samples that were taken from exposed surfaces
on top of the plateau, all of which were taken during fieldwork in early 2015. River sediment
samples were collected from active sand and gravel bars over several hundred meters for each
sample location, in order to get a good representation of the fluvial sediments. The bulk sands
were then sieved to isolate the 125 − 500 µm size fraction, which was further processed. The
samples were chemically leached following the procedure of Kohl and Nishiizumi (1992b),
to obtain pure quartz and remove meteoric 10Be. The sample dissolution and Be-extraction
were carried out at the GFZ Potsdam. The 10Be/9Be isotopic ratios were measured at the
AMS facility in Koeln, using standards KN01-6-2 (5.32×10−13) and KN01-5-3 (6.32×10−12)
and converted into 10Be concentration taking into account sample weight, amount of carrier
solution and the background average blank ratio of 2.7 ± 0.47 × 10−15 (n = 7, 1 SD). The
results were input into the CRONUS online calculator, which determines the erosion rates
(E, mm yr−1) considering the following relationship (Lal, 1991):
C = P0/(λ + E/z∗) (5.1)
where C is the 10Be concentration (atoms g−1), P0 is the production rate (atoms g−1 yr−1),
λ is the nuclide decay constant (yr −1) and z∗ the absorption depth scale (nuclide attenuation
length divided by the density of the absorbing material, mm). Because 10Be production
rates are dependent on elevation and latitude, we determined an average production rate
(considering also the topographic shielding, Table 2) based on the values for each DEM
pixel within the contributing catchment area following the method described by Portenga and
Bierman (2011). ), using a total production rate at sea level high latitude (SLHL) of 4.01
atoms g−1 yr−1 scaled using Lal/Stone scaling (Balco et al., 2008).
5.3.2 River profiles and eroded volume analysis
River longitudinal profiles can be useful to detect spatial variations in uplift rates or discrete
tectonic structures, especially in areas with poor outcrop and dense vegetation cover. A
spatially uniform change in tectonic uplift rates or a base level drop will produce an erosion
wave marked by a distinct change in slope(a knickpoint) that propagates upward through
the entire river network (Whipple, 2004).Because transiently migrating knickpoints move at
a constant vertical rate, they should occur at a similar elevation along all tributaries of a
catchment (Kirby and Whipple, 2012). In another scenario, whereby a landscape is tilted due
to spatially non-uniform uplift, the drainage network can evolve rapidly, because all parts of
the river network can (near-)simultaneously experience faster incision (Braun et al., 2014).
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Along the Shillong plateau’s southern margin, knickpoints are prominent, marking the
upstream end of deeply incised river valleys. Outside of those valleys, we suggest that
the relatively smooth surface that occurs along some interfluves is a relict pre-incision
landscape (Fig. 3 and Fig. 5). This configuration permits a straightforward calculation
of the minimum eroded volume from the valleys, if we define a level from which we can
subtract the modern elevation data. The remnants of this surface were defined with a measure
of the terrain roughness, the slope variability (slopemax − slopemin), to quantify slope relief
(Ruszkiczay-Rüdiger et al., 2009). This value was computed using neighbourhood statistics
with a moving window of 10 x 10 raster cells. We found that a slope variability of ∼ 50
effectively discriminates between low-relief surfaces and incised valleys (Fig. 3c). We
removed areas like fluvial valley bottoms that have low slope variability but do not pertain
to a relict pre-incision surface. From the remaining low-relief patches, we interpolated
a continuous pre-incision surface across the carved valleys using a Laplace interpolation
method. By subtracting the modern topography from that surface, we derived the minimum
eroded volume. A similar approach of reconstructing the minimum eroded volume was used
by Menéndez et al. (2008), except that they used the catchment ridgelines to interpolate
the pre-dissection surface. Ridgelines are, however, a significantly less reliable marker of
a pre-incision level. In our case, therefore, the underestimation of the total eroded volume
should be low or negligible. River profiles extraction and surface interpolation were obtained
from a 30m digital elevation model (DEM) using the TOPOTOOLBOX set for MATLAB
(Schwanghart and Scherler, 2014). The volume calculation and other topographic analysis
were carried out using ArcGis 10.2.
In a further step, we calculate how much time is required to erode the incised volume in each
of our sampled catchments. We couple the 10Be derived erosion rate (E, m My−1) with the
eroded volume (∆V, m3) and the catchment area (A m2) to find the time to erode the valleys
∆t (Myr):
∆t =
∆V
E · A (5.2)
which we equate with the time since the onset of surface uplift (Ma). The three main
assumptions behind this approach include: (1) the 10Be derived erosion rates are equivalent
to the long-term erosion rates over timescales of 106 y; (2) the pre-incision surface represents
the surface that was exposed at the start of surface uplift; and (3) the catchment area now is
representative of the catchment area throughout the duration of incision. The rate of volume
removal would have accelerated over time in the case of headward migration of channel
heads, which would in turn lead to an underestimate of the uplift timing. However, if the
drainage area has remained stable through time, the eroded volume would have increased
linearly in time, in which case the relationship between erosion rates and eroded volume will
dictate the timing of surface uplift.
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Figure 5.3: (a) - Schematic illustration showing the fluvial network, the pre-incision surface, and
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5.3.3 Sediment mixing
For several of our catchments, we have sampled detrital sands for cosmogenic 10Be concentra-
tions at the catchment outlet and also close to the major knickpoint (Fig. 5.2). This sampling
allows us to distinguish erosion rates in the deeply incised areas from those associated with
the low-relief plateau surface (Fig. 5.3). To do so, we apply a sediment mixing correction for
the incised areas according to Granger et al. (1996):
Eb =
(Ec ∗ Ac) − (Ea ∗ Aa)
Ab
(5.3)
where Ec (m My−1) is the erosion rate within the catchment area Ac with subscripts denoting
the associated regions: “c” denotes the whole catchment, “a” denotes the upper sub-
catchment, and “b” denotes the remaining area when Aa is subtracted from Ac (Fig. 5.3b).
Where we have samples at both the catchment outlet and above the knickpoint, we can
determine erosion rates exclusively within the area of the deeply incised topography Eb.
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Table 5.1: Basin morphometry and characteristics used for calculation
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5.4.1 10Be concentration and catchment-wide denudation rates
The 10Be concentration results and calculated erosion rates are shown in Table 1, 2, and Fig.
5.4. The measured concentration of 10Be in the detrital sand samples ranges from 3.6 × 104
to 1.6 × 105 atoms gr−1 . The catchment average erosion rate can be broadly divided in
two groups. The first group comprises rates calculated for the main stems at the outlets of
the steep catchments (slopes ranging from 17.3° to 26.8°) draining the southern flank of the
Shillong Plateau. This group yields a relatively small erosion rate range between 48 ± 4 and
108±8 m My−1. A second group with higher erosion rates, ranging from 139±10 to 214±16
m My−1, characterizes the upper portions of the river catchments on top of the plateau, in
locations upstream from major knickpoints, where mean catchment hillslopes are 9.2° to
10.9° (Fig. 2c). Our finding of the highest erosion rates in the areas of lowest slopes (and
vice versa) contrasts with the common occurrence of faster erosion rates in steeper landscapes
(e.g., Portenga and Bierman (2011)).
In the Cherrapunji area, this counter-intuitive pattern of erosion rates is particularly evident:
erosion rates decrease in the downstream direction as slopes increase (catchment SWC-1, plot
4d in Fig. 4). We find the highest erosion rates (162 ± 12 m My−1) at the highest sampling
point along the river, where the channel is still relatively flat on top of the plateau. After a
few km (but still on top of the plateau and with just ∼ 50 m of vertical valley incision), the
erosion rates drops to 139 ± 10 m My−1, just upstream from a prominent waterfall. In the
lower part of the river, about five km downstream from the knickpoint where the channel is
more deeply incised, a third detrital sand sample records an erosion rate of 108 ± 8 m My−1.
The river then merges with the main trunk stream of catchment SWC and the erosion rate
decreases slightly further to 95 ± 7 m My−1 (sample SWC-b).
There are two exceptions from this trend of higher erosion rates occurring in areas with lower
slopes. The lowest erosion rate within the detrital sand dataset (48±4 m My−1) is found on the
plateau top, in the northern catchment (N-a, plot a in Fig. 4), where the catchment mean slope
is only 13.2°. Also within the small sub-catchment E (Fig. 4g), both below and above the
knickpoint, samples yield low erosion rates, with sample E-a having a rate of 53 ± 4 m My−1
with a mean slope of only 11°.
Where we have samples nested within individual catchments, we can use the method
described in Section 3.3 to determine the erosion rates of the downstream, incised portions
of the catchments (eq. 5.3). Below, we use the term “unmixed” to refer to samples have
been corrected according to this procedure. For catchment SWC, we combine the closest
above-knickpoint erosion rate of 162 ± 12 m My−1 (sample SWC-1 and sample SWC-1ab)
with the outlet erosion rate of 95 ± 7 m My−1 (sample SWC-b), to find an unmixed rate
of 70 ± 5 m My−1. We justify the use of this nearest available sample for the unmixing
calculation by noting that all of the samples from the southern plateau surface span a small
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range from ca. 140 to 210 m My−1.For catchment SWC-1 ( which is a sub-basin of SWC),
the erosion rate at the outlet of 108 ± 8 m My−1 drops to 78 ± 6 m My−1 for the incised
portion of the landscape. The below knickpoint sample of catchment SC (SC-b), with an
erosion rate of 94 ± 7 m My−1 together with the upstream sample SC-a (161 ± 12 m My−1),
yields an unmixed rate of 60± 5 m My−1 for the incised landscape. For catchment SW, when
the downstream sample (SW-b, 75 ± 6 m My−1) is unmixed from the upstream sample SW-a
(214 ± 16 m My−1), negative erosion rate results for the incised lower reach, suggesting very
low contribution of the upper catchment sediments to the sand collected at the outlet.
The three bedrock samples on top of the plateau yield considerably lower erosion rates, with
values of 2.0 ± 0.3 m My−1, 5.6 ± 0.6 m My−1 and 2.3 ± 0.2 m My−1 from south to north
(Fig. 2a and Table 2). The first sample (Bedrock-S) is from sandstone bedrock at the plateau
edge in the Cherrapunji area (Fig. 2a). The second sample (Bedrock-C) is from a granitic
boulder, and the third (Bedrock-N) is from a granitic inselberg. The first two samples are
located within the heavy rainfall regime, whereas the third is from the drier interior (Fig. 2a
and 2e).
5.4.2 Knickpoint distribution
The deeply incised rivers on the southern plateau flank that have a common base level in the
Surma Basin show a similar morphology (presented schematically in Fig. 3). The majority
of the trunk streams and major tributaries begin with a low-slope (almost flat) channel on
top of the plateau, representing the ”relict” part of the channel. The relict part ends with a
distinct break-in-slope between the pre-incision surface and the deeply incised region, which
corresponds to a major knickpoint. Knickpoints vary morphologically but are identifiable
either as a prominent waterfall or a series of steps and pools. Although there is no clear
correlation between lithology and the position of the knickpoint; they are more pronounced
where rivers cross the strong arkosic sandstones in Cherrapunji (river profiles SC and SWC-1
in Fig. 4).
The position of knickpoints along longitudinal profiles across the southern plateau flank (Fig.
5) reveals some important characteristics. First, they reside at progressively higher elevation
with respect to upstream distance (base level elevation of the Surma basin), meaning that
higher knickpoints are found where the relict surface itself is higher. This configuration
reflects the N-S plateau antiformal bend, as highlighted by the swath profiles in Fig. 5c.
Second, the knickpoint distribution is similar in catchments with different underlying rock
units, hence they are not lithologically controlled. Finally, most catchments are characterized
by a single major knickpoints rather than multiple minor knickpoints.
5.4.3 Minimum eroded volume and duration of incision
We calculated the eroded volume for every single valley where the an erosion rate was
available. These volumes range from 4.5 × 109 to 1.3 × 1011 m3 (Table 5.1). To calculate
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Table 5.2: 10Be analytical and derived Erosion Rate Data
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Figure 5.4: :(a) - (g): river long profiles with the erosion rates derived from 10Be plotted according
to their position (shown with diamonds). Major knickpoints indicated with large open circles.
Using Eq. 3, we determined unmixed values (blue symbols) from three catchments (SWC, SWC-
1, SC). River profiles are coloured based on different lithologies (Fig. 2d).
76
5.4 Results
500
1000
1500
30
0
10 20 40 50 60
Distance Upstream [km]
500
1000
1500
CENTRAL Swath
EAST Swath
SW SWC SEC SE
SC
a
b
cE
le
v
a
ti
o
n
 (
m
)
Figure 5.5: Plot (b) is showing the knickpoint elevation along river distance of five different
catchments (a). In the third plot (c), three different swath profiles (obtained from the west, central
and eastern part of the interpolated surface) are draped over the river profiles; this configuration
clearly shows how the knickpoints lie along the pre-incision surface.
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Figure 5.6: (a) Plot of erosion rates against mean tree cover extracted for the basin. (b) All erosion
rates against catchment averaged slope (c) Same plot without the inverted erosion rates (d) with
the unmixed erosion rates.
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the time required to carve out each valley, these volumes were divided by the associated
erosion rates (Eq. 5.2). The basin characteristics and values used for the calculation, as well
as the timing required to erode the volume of the deeply incised landscape, are given for each
catchment in Table 5.1. For the valleys where nested samples are available, we report erosion
duration calculations calculated for the whole catchment (including the influence of the
unincised, upper portion of the catchments) as well as for the lower portion of the catchment
only (the "unmixed erosion rates"). These two sets of results are given for catchment SC,
for which we derive duration of 1.9 ± 0.2 Myr (mixed) or 3.0 ± 0.3 Myr (unmixed) and for
catchment SWC, which yields durations of 3.1±0.4 Myr (mixed) or 4.1±0.4 Myr (unmixed).
For the other catchments, we find incision durations from 5.0±0.6 Myr for the deepest valley
(SEC), with intermediate catchments providing similar results: 3.2 ± 0.4 Myr for SW and
4.1 ± 0.4 Myr for SE (Table 1).
For all these estimates, we give a measure of uncertainty that comprises the two sigma
external uncertainty from the calculated erosion rates. Uncertainties in the DEM are not
considered, but we assume they play a minor role in these calculations, considering the
relatively high resolution of the DEM.
5.5 Discussion
5.5.1 Erosion rates, climate and disturbance
5.5.1.1 Slow mean catchment erosion rates along the Shillong Plateau’s southern flank
3.2 
Myr
4.1 
Myr
5.0 
Myr
 
4.4 - 4.6 Myr
SW
SWC
SEC
SE
SC-1
4.1 
Myr
3.1 
Myr
3.0 
Myr
1.9 
Myr
3.7 - 3.8 Myr
average Δt
Figure 5.7: Map showing the time required to erode the incised volume for the single valleys. In
red the values that use the corrected erosion rates. Details on values used for the calculation and
uncertainties are reported in Table 5.1
.
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Despite the extreme rainfall and the steep slopes, the erosion rates from the southern
flank of the plateau are considerably lower than comparable samples in the nearby Bhutanese
High Himalayas, where the rates average to 956 ± 160 m My−1(n = 13, 27.10°–27.35°N,
rainfall is > 2000 mm yr−1) (Portenga et al., 2015). Similarly low erosion rates reported in
other steep tropical landscapes have been suggested to result from resistant bedrock lithology,
dense vegetation cover, and/or low precipitation (Acosta et al., 2015; Roller et al., 2012; von
Blanckenburg, 2004).
The strong arkosic sandstone and the granitic sample from an inselberg in the interior of
the plateau both record similarly low erosion rates of 2.28 ± 0.24 and 5.58 ± 0.52 m My−1,
respectively. However, because there are no weaker rocks in the region for comparison, we
cannot directly test the importance of lithology on these low erosion rates. Nonetheless, the
overall low erosivity of the outcropping rocks could contribute to the low observed erosion
rates.
There appears to be a weak (or no) control of precipitation on the observed erosion rates.
Specifically, we find little difference between erosion rates in the northern (59±4 m yr−1) and
southern catchments (60 to 85 m My−1 for unmixed rates), despite there being a significant
difference in yearly precipitation (7000 mm in the south versus < 1000 mm in the north).
However, Lague et al. (2005) have theorized that discharge variability should play a key role
in controlling erosion rates in regions with a significant erosion threshold, which is more
likely in regions with strong rocks. In the eastern Himalaya, precipitation may be intense, but
it is not highly variable (Deal et al., 2017). Hence, the short-term low variability may help
to explain the low erosion rates. Vegetation cover also may modulate the impact of rainfall
on landscape denudation rates, with dense vegetation cover potentially offsetting the erosive
impact of high rainfall (e.g., Acosta et al. (2015)). In our study area, the deeply incised
valleys along the steep southern plateau flank are densely vegetated with tropical evergreen
forest, whereas the plateau surface has suffered from widespread deforestation since at least
the beginning of the 20th century (Bor, 1942). The dense vegetation cover remaining along
the steep southern plateau flank (Fig. 5.2b) may help to stabilize the hillslopes, resulting in
slower erosion rates.
Overall, if our erosion rates from the incised portions of the plateau flanks are representative
of long-term erosion rates, we would expect topography to be adjusted such that lower/less
variable rainfall, denser vegetation, and/or more resistant rocks are characterized by steeper
slopes. For the catchments along the southern plateau flank, we indeed observe a positive
correlation (R2 = 0.78) between erosion rates (unmixed where possible) and average slope
(Fig. 5.6d). Low erosion rates from the deeply incised catchments along the plateau flanks
may thus simply result from the dense, stabilizing vegetation cover, rocks that are strongly
resistant to erosion, and low rainfall variability, despite the steep topography and high annual
precipitation.
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5.5.1.2 Higher catchment average erosion rates on the plateau surface
Considering that the pre-incision surface appears to be well preserved on the plateau surface,
and that the slopes are gentle, we expected to find slower erosion rates from samples there
compared to the downstream samples from within the deeply incised portion of the landscape.
However, we commonly observe the opposite in our field area (profile 4b, 4d and 4e in Fig. 4).
The catchment average erosion rates on the plateau surface (∼140 to 210 m My−1) are also
much higher than the bedrock erosion rates on the plateau surface (2.03 to 5.58 m My−1).
Drainage basins commonly yield higher average erosion rates compared to exposed bedrock
(Portenga and Bierman, 2011), but a difference of two orders of magnitude is surprising.
Two possibilities to explain the high erosion rates on the plateau surface are both related
to human influence: (1) removal of the dense seasonal tropical forest that once capped
the plateau and (2) soil degradation due to anthropogenic activities. Field observations
and Landsat satellite imagery of tree cover (Fig. 2b) (Hansen et al., 2013) reveal overall
sparse vegetation cover of the plateau surface, with occasional exposure of bare rock, which
contrasts with the densely vegetated hillslopes of the incised valleys along the plateau flanks
(Bor, 1942). This pattern of vegetation cover is a result of the strong human impact on the
plateau surface, which includes intense agriculture without crop rotation after a complete
removal of the original forest cover. The sparse vegetation cover on the plateau surface leads
to high soil loss from cultivated slopes during heavy monsoonal rainfall, which has been
quantified to between 320 and 790 t km−2 yr−1 near the Cherrapunji area using Caesium-
137 (Prokop and Poreba, 2012). These values correspond to denudation rates of 0.1 – 0.3
mm y−1 (assuming a density of 2.7 g cm-3), or 100 to 300 m My−1, which agree well with
our measured catchment mean rates of 150 to 210 m My−1 from the plateau surface. Plots of
the erosion rates versus percent mean tree cover and slope support this interpretation (Fig. 7a
and 7b): the quickly eroding plateau-top samples plot in the area of low tree density and low
slope, indicating accelerated erosion in the low-slope areas favourable for agriculture. Similar
arguments were used to explain the pattern of 10Be derived catchment mean denudation rates
in the Yunnan region of SW China, where areas of natural forest cover show denudation
rates that correlate with landscape steepness metrics, but areas of significant human impact
(particularly the Nankai catchment, where mean annual precipitation is 1300 mm mm y−1)
show rates that correlate with the degree of impact (Schmidt et al., 2016). Recent changes
in land use, either related to deforestation or agriculture, are under most circumstances
insufficient to alter the concentration of long-lived (e.g.10Be, 26Al) cosmogenic nuclides
(Bierman and Steig, 1996; von Blanckenburg, 2005). However, samples from both our study
and that of Schmidt et al. (2016) appear to show a prominent anthropogenic influence. The
unusually strong anthropogenic impact could be related to the heavy rainfall that affects these
regions, which likely exacerbates the effect of vegetation-cover removal. Several lines of
evidence support this view. First, we observe the expected pattern of erosion rates (i.e.
faster erosion rates below the knickpoint and slower rates above) for the samples in the
drier northern side of the Shillong Plateau, despite a similar anthropogenic impact. Also,
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sub-catchment E, which lies entirely within the steep, incised portion of the southern plateau
flank, has a lower erosion rate above the knickpoint compared to below (Fig. 5.4f). Finally,
low erosion rates occur consistently in the deeply incised river valleys, where the protective
role of dense vegetation cover and soil integrity has been conserved due to the steep hillslopes,
which are unsuitable for intense agriculture (Fig. 5.6d).
5.5.2 Refining incision duration calculations with sediment unmixing
Our interpretation that the erosion rates from the plateau surface are strongly influenced
by anthropogenic activity implies that to determine representative long-term erosion rates
along the southern plateau flank (and hence calculate incision durations), we must remove
the influence of the upper portion of the catchments. Hence, we prefer the rates calculated
with the unmixing procedure described in section 3.3. This procedure was performed for
catchments SW, SWC, and sub-catchment SWC-1. The denudation rates of the lower, incised
parts of catchments SWC-1 and SWC are determined to be ∼ 60 to ∼ 80 m My−1, which is
in agreement with the other densely vegetated catchments with similar mean slopes (i.e.,
catchment SE, having an erosion rate of 77 ± 6 m My−1 and mean slope of 20.2°, and
catchment SW, having an erosion rate of 75± 6 m My−1 and mean slope of 17.8°). The lower
portion of catchment SC, sample SC-b, yields a rate of 60 ± 4 m My−1, which is similar to
erosion rates from the catchments E (E-b, 60±4 m My−1), Fig. 4f and Table 2). No correction
was applied to catchment SW, because the correction results in a negative denudation rate,
indicating that the rate of 75±6 m My−1 for sample SW-b is minimally affected by the upper,
higher erosion rate of sample SW-a ( 214 ∼ 16 m My−1). Sediment produced within the
incised portion of the landscape must dominate the outlet sample, either as a result of the
longer transport distance between the two samples as compared to the other catchments or
recent mass movements within the incised landscape. Following the unmixing calculations,
the densely vegetated incised valleys are eroding at similar rates of ∼60 to 80 m My−1, with
minor differences that positively correlate with the mean basin slope (Fig. 5.6d).
Because we have greater confidence in the erosion rates for the incised portion of the lands-
cape calculated with the unmixing procedure, we favour the incision duration calculations
that use those rates: 4.1 ± 0.4 Myr for basin SWC and 3.0 ± 0.3 Myr for basin SC (Fig. 5.7.
These incision durations are similar to those calculated for the remaining catchments (where
unmixing calculations cannot be performed): 4.1 ± 0.4 Myr for basin SE, 5.0 ± 0.6 Myr for
basin SEC, and 3.2 ± 0.4 Myr for basin SW.
To determine a mean time for the onset of incision, which we interpret to mark the onset of
surface uplift, two different averaging calculations were carried out. In the first, we calculated
the average incision duration from a sum of the incised volumes of all the catchments (those
reported in Table 5.1) divided by the mean of the erosion rates and the sum of the catchment
areas. In the second, we use the total volume from the DEM subtraction (i.e., the missing
volume from the whole southern margin, not just the catchment we have values for), the total
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area of the incised landscape, and the mean of the erosion rates. Both sets of calculations
use the average erosion rate for all catchments (Table 5.1), but one uses the mixed erosion
rates (in black in Fig. 5.7) and the other uses the unmixed erosion rates for the lower portion
of the basin (red text in Fig. 5.7). We obtain similar results for the onset of incision for the
two calculations, ranging from 3.7 (mixed) to 4.6 Ma (unmixed)(Table 5.1 and Fig. 5.7). We
favour the incision durations calculated from the unmixed rates: 4.4 ± 0.6 and 4.6 ± 0.7 My.
We argue that these incision durations are not strongly influenced by erosion rates that
accelerated through time or a change in drainage area. Braun et al. (2014) demonstrated
that in the case of a tilting surface, the river network quickly reorganizes and reaches the
drainage divide. The knickpoints along rivers of the Shillong Plateau are not lithologically
controlled, hence they appear to be linked to a change in uplift rates. Because single major
knickpoints occur along the channels, they likely result from a single change in uplift rates.
Most importantly, the configuration of knickpoints, which occur at differing elevations that
track the elevation of the relict surface, strongly argues for differential uplift of the plateau
margin, which supports the model of rapid catchment re-organization following landscape
tilting modelled by Braun et al. (2014). Another line of evidence supporting rapid adjustment
of river networks along the Shillong Plateau flanks are the catchments to the east of catchment
SE and to the west of catchment SW. They are not deeply incised, but have an area comparable
to that of the others, suggesting that the full catchment area is established rapidly after the
onset of differential surface uplift (Fig. 5.2a).
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5.5.3 Exhumation and surface uplift
To evaluate whether our estimates for the onset of surface uplift based on 10Be data and
incised volumes are consistent with the exhumation history of the plateau, we re-interpret
a detrital apatite (U-Th-Sm)/He dataset by Avdeev et al. (2011). These 18 published ages
come from the Dauki River that drains catchment SE. The range of detrital ages corresponds
to the range of ages expected in an age-elevation profile, where the younger ages are derived
from low elevation (Fig.5.8). We focus on the youngest (4 Ma) cluster of ages reported,
which marks the time when these grains passed through the closure-temperature depth,
corresponding to ∼1.5 km for a typical range of cooling rates (Reiners and Brandon, 2006).).
If exhumation rates have been steady for several millions of years, it is possible to use the
1-D steady-state thermal model AGE2EDOT of Willett and Brandon (2013) to determine
which exhumation (rock uplift) rates correspond to a certain thermochronologic age under
a range of assumed paleo-geothermal gradients. Assuming a geothermal gradient between
25 and 35 °C km−1, the 4 Ma apatite grains from low elevation require exhumation rates
of 0.55 to 0.38 mm yr−1, which translates into 2.2 to 1.5 km of vertical uplift. To explain
the full suite of thermochronological ages, we propose that rock exhumation began at the
latest ∼ 9 Ma and continued until ∼ 4 Ma without significant surface uplift of the plateau.
Within this period, the deltaic facies of the Miocene Bhuban Formation, which are responsible
for resetting the apatite (U-Th-Sm)/He ages (Avdeev et al., 2011), would have been almost
completely removed by efficient fluvial erosional process associated with the Brahmaputra
River. Efficient fluvial bevelling of weak rocks has been demonstrated by Bufe et al. (2016)
in the Tian Shan foreland, even where rock uplift rates reach up to 1-3 mm y−1. At the
onset of reduced erosional efficiency at ca. 4.5 Ma, continued rock uplift would result in an
upward movement of the whole rock column. Biswas et al. (2007) proposed a scenario in
which the rock erodibility played a critical role in this efficiency reduction: the exposure of
stronger basement rocks at the base of the more erodible units of the Bhuban Formation could
help rock uplift to outpace surface erosion, leading to deflection of the Brahmaputra River, a
further decrease in surface erosion rates, and consequent continued surface uplift (Fig. 5.9 b,
c, d). Similar mechanisms of surface uplift, due to a change of rock erodibility at a constant
rock uplift rate, were proposed to explain surface uplift of individual ranges in the central
Andes (Sobel and Strecker, 2003). Our estimates for the onset of surface uplift, at 4.4±0.6 to
4.6±0.7 Ma based on our 10Be data and incised volumes, are consistent with these inferences
drawn from thermochronology based rock uplift rates.
Recently, other studies have helped constrain the timing of the Shillong Plateau’s surface
uplift. Najman et al. (2016) reconstructed the stratigraphy in the adjacent Surma Basin and
detected flexural loading starting from 3.5 Ma. Flexural deformation, however, requires a
substantial amount of topographic loading, hence places a minimum constrain on the onset
of surface uplift. Govin (2017) record the potential initiation of topographic growth of the
Shillong Plateau by finding a northwards deflection of the paleo-drainage of the Brahmaputra
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Figure 5.8: Simple model to interpret the dataset from Avdeev et al. (2011); (a) river profile from
the Dauki river, the same catchment has the ID of SE in our dataset: we can link the profile to the
detrital grain distribution, with the flat channel and upper elevation stream providing the oldest
grain population. The rest of the profile will contribute to the distribution of ages in function
of the age elevation relationship and erosion distribution. In every case, the youngest ages will
come from the deepest incised part of the stream. We can use the river profile to determine the dZ
elevation difference (b) Cumulative density function of the detrital dataset: notice how the ages
are continuously distributed between two end-term 4 Ma and 9 Ma; this 9 Myr mark represents
the actual "break in slope in our river profile", the older apatite ages are surely delivered from the
upper plateau top (see in-situ apatite (U–Th-Sm)/He data from Biswas et al. (2007); Clark and
Bilham (2008)), and this is what Avdeev et al. (2011) interpreted as the change in exhumation
rates.(c) t-T path for two samples with a depth difference of 1200, which translates in 30 °C
assuming a gradient of 25 °C/km. the -Tt paths are modelled considering the external constraints
and the hypothesized exhumation history (c) the real ages agree with the modelled, break in slope
around 9 Ma and the youngest age cluster is at 4 Ma.
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River between 4.9 and 5.2 Ma. Our data are consistent with these results, and likely also show
a spatio-temporal progression in the onset of incision/surface uplift (Fig. 5.9c). Specifically,
surface uplift appears to have started in the central-eastern part of the plateau (where the
incised valleys are deeper and the onset of incision is estimated at 5.0 to 4.1 Ma), and later
progressed to the south and to the west, where the incised valleys are shallower and show
later incision onsets (e.g., catchment SW with an incision onset of 3.2 Ma and catchment SC
with an incision onset at 3.0 Ma) (Fig. 5.7).
If we assume that the plateau’s surface uplift rate (after 4.5 Ma) was equal to the exhumation
rate of 0.5 mmy−1 inferred from an assumed 30 °Ckm−1 geothermal gradient (corresponding
to 2.3 km of rock uplift since 4.5 Ma), then an elevation of the plateau surface similar to the
modern ( 1.6 km in the southern part), could have been reached by ∼1 Ma. Interestingly,
recent estimates for the long term surface uplift in Bhutan fit well with the timing of activity
of the structures bounding the Shillong Plateau: a decrease in exhumation rates after 8
Ma (McQuarrie and Ehlers, 2015; Vernant et al., 2014) and at 6 Ma (Adams et al., 2015)
are implied from thermal-kinematic modelling of low-T thermochronometric data until at
least the late Pliocene, when a new pulse of uplift is recorded in Bhutan at around 1 Ma.
Adams et al. (2016) suggested that the lower erosion rates prior to 1 Ma were caused by
the accommodation of convergence between India and Eurasia on the structures responsible
for uplift of the Shillong Plateau. Although this interpretation of strain partitioning is
consistent with our data, we suggest a more complicated interplay between structures
responsible for uplift of the Shillong Plateau and Bhutan. Considering that the valleys are
bigger and more incised in the eastern part of the plateau, surface uplift probably started
there, implying asymmetrical development of topography in both N-S and E-W directions.
Asymmetrical topographical growth is in agreement with the study by Vernant et al. (2014),
who documented clockwise rotation of the Shillong block and higher convergence rates on
the eastern side of the Dauki thrust. It is reasonable to assume that the Oldham back-thrust
was reactivated later, maybe only recently, considering that we find limited valley incision on
the northern side (Fig. 5.2 a).
5.6 Conclusions
Cosmogenic 10Be from the deeply incised southern valleys of the Shillong Plateau show
surprisingly low denudation rates (50 to 80 m My−1) in a region that is steep, tectonically
active, and receives > 7000 mm of annual rainfall. We argue that a combination of factors,
including dense vegetation cover and strong basement rocks concur to sustain the landscape
and keep erosion rates low and relatively insensitive to rainfall amount. From our measured
catchment-averaged erosion rates, we quantify the temporal duration of incision in the incised
portion of the landscape, which we in turn relate to the onset of surface uplift. The resulting
estimates, ranging from 4.4±0.6 to 4.6±0.7 Ma, match well with a set of external constraints
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and available low-T thermochronology, and thus appear to be a robust indication for initiation
of surface uplift.
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Conclusions
This dissertation wants to represent a further step in understanding how a detrital U-TH-
Sm/He thermochronology dataset is applicable to effectively quantifying exhumation and
erosion histories. Age distributions of detrital apatite (U-Th-Sm)/He are a promising tool to
extract information on the cooling history complex tectonic settings, especially when normal
means of sampling are hindered. We therefore investigated: (1) the abrasion of apatite grains
from the Thakkhola graben (central Nepal), (2) the combination of the obtained ages with
the Fission Track method and a numerical model to predict exhumation events, (3) and how
Terrestrial Cosmogenic Nuclides can be interpreted along detrital thermochronology to obtain
detailed exhumation/uplift histories. The main conclusions of the study are the following:
• In chapter 3, we explored the question of what is the fate of apatite grains during fluvial
transport, if the age distribution is correctly linked to the exhumation and if a bulk
correction for alpha-ejection is needed when analysing detrital grains. By looking at
the apatite shape morphology in detrital samples from the Kali Gandaki river, it resulted
evident that apatite grain abrasion is a traceable phenomena in the separates. The
change towards more round apatites positively relate to river morphology and happens
within the first kilometres of river transport. Nonetheless, the thermochronological
ages add valuable information on the general tectonic record: peaks in age density
are consistent with the available geologic reconstructions, thus matching well with a
set of external constraints on the tectonic activity and displacement along the main
fault responsible for the graben development. Moreover, the comparison with a recent
apatite U-Th-Sm/He dataset coming from southern Tibet is a direct confirmation of
the underlying regional cooling events as a first order control on the distribution of
the ages. A homogeneous morphology in grain shape is needed to capture the whole
grain population but special attention should be posed on grain selection. In this case,
a selective approach when accounting for alpha correction is needed, and the abrasion
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characteristics are to be taken into account. We suggest a simple approach to obtain
a selective correction on detrital grains, but we acknowledge that the application may
strongly vary depending on the geologic context, the source of the apatites and the
velocity of cooling. Notwithstanding, the likeness between our dataset and that of
Carrapa et al. (2017) is higher when a selective correction is applied.
• In chapter 4, in order to unambiguously interpret the tectonic history of the Thakkhola-
Mustang graben, the detrital apatite (U-Th-Sm)/He is further used in combination with
Fission Track cooling ages. By coupling the detrital apatite thermochronology with a
numerical model it was possible to gather new insights on the exhumation history of the
graben that were otherwise unresolved when using the methods singularly. Two main
cooling episodes that affected the two thermochronological systems in different ways
were identified. The older cooling event, associated with eohimalayan metamorphism
and activity of the STDZ led to the emplacement and cooling of the Mustang and
Mugu granites. The event culminated between 25 Ma (with intrusion of the granite) to
20 Ma (bedrock and detrital FT cooling ages).
The younger cooling event is linked to a critical switch in tectonic style that affected
the graben, from rapid cooling of granite to normal faulting due to onset of extension.
After a transition period of 2 to 4 My, the increase in age density in the apatite (U-
Th-Sm)/He thermochronometer and the results from the numerical modeling constrain
confirm the initiation of extension to have happened between 13 to 11 Ma. This
timing correlate with the published data by Godin et al. (2001) and the corresponding
deposition of the Tetang formation (Garzione et al., 2000). These published constraints
become a clear external support to our analyses. Following onset of normal faulting,
the main extensional phase and graben development has occurred between 10 to 4 Ma,
but it is likely still active today (Hurtado et al., 2001). The key aspect of a transition
between south-directed extrusion to east-west extension is reported from several other
areas in the Himalayas. Given the coeval timing, it was possible to relate the local
onset of extension to a regional development of orogen parallel extension, that is turn
linked to the oblique convergence model and orogen parallel transport of crust. This
recognition bears important consequences for central and western Nepal, but also for
the general tectonic models of the Himalayas.
• In chapter 5, the strongly debated evolution surface uplift of the Shillong plateau was
investigated. Thermochronology alone was insufficient to provide a clear evidence for
a transgression of exhumation and surface uplift. Hence, Cosmogenic 10Be derived
erosion rates were measured for the first time from the deeply incised southern
valleys of the Shillong Plateau and compared with the available thermochronological
constraints (bedrock and detrital). The results show surprisingly low denudation rates
(50 to 80 m My−1) in a region that is steep, tectonically active, and receives > 7000 mm
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of annual rainfall. The obtained erosion rates appear to be less sensitive to rainfall
amount, and mostly dictated by plateau morphology and uplift history. We were
able to put in relationship the erosion rates with the eroded volume of the incised
canyons, to obtain an addition estimate of temporal duration of incision and thus an
indirect measure for the onset of surface uplift. The resulting calculations, ranging
from 4.4 ± 0.6 to 4.6 ± 0.7 Ma, match well with the set of detrital AHe ages, coming
from one of the south-draining catchments, and other external constraints to present a
robust indication for initiation of surface uplift.
The main findings summarized above, elucidated in the three chapters, are a strong indication
that detrital AHe datasets can provide valuable information to reveal patterns and timing of
near-surface geodynamic processes. By adding other detrital dating method, being it AFT or
cosmogenic nuclides, specific problems in the field of tectonic geomorphology were solved
and uncertainties bound to the method circumvented. This integrative approach has lead to
a more comprehensive understanding of the Thakkhola-Mustang and Shillong regions and
to a deeper appreciation of the underlying geodynamics processes and long-term orogenic
evolution.
Perspectives
The robust results obtained in this study are encouraging, but for a routine application of
the method further advances are needed. In order to better understand the links between
detrital AHe ages and their spatial distribution, a detailed characterization of the shape of
detrital and idiomorphic grain is needed. Image analyses has the potential to identify the
range of parameters that define the various shape of grains, to characterize for instance a
typical "idiomorphic" grain. Furthermore, in order to better define where apatites are derived
within a catchment, it could be useful to test whether detrital apatites are mostly delivered
from places of high river incision, quantified with metrics such steepness index or chi values.
In addition, a potential link between rounding of the apatite grains and a metric of stream
power might help understand how relevant river transport is. In the Thakkhola-Mustang area
the combination of AHe detrital ages and AFT helped unveil the long-term erosion history of
the graben. The same set of samples can be hence analysed with cosmogenic nuclide dating,
to help elucidate the younger erosion history of the graben.
Moreover, from a strictly regional perspective, it would be of interest to develop the model
for orogen parallel transport (Whipp et al., 2014, mentioned in chapter 4) back in time, to
understand the mechanism behind syntaxes development and subsequent rapid exhumation.
Ultimately, a complete record of the exhumation history of the Himalayas, from collision
time to the Quaternary, is held in the a detrital record of the largest submarine fan on Earth,
the 3000 km long Bengal Fan. A thermochronological detrital study of these sediments might
provide a final answer the open questions regarding uplift and erosion of the Himalayas and
the Tibetan Plateau.
91
References
Acosta, V. T., Schildgen, T. F., Clarke, B. A., Scherler, D., Bookhagen, B., Wittmann, H., von Blanckenburg,
F., and Strecker, M. R. (2015). Effect of vegetation cover on millennial-scale landscape denudation rates in
East Africa. Lithosphere, 7(4):408–420.
Adams, B., Hodges, K., Whipple, K., Ehlers, T., Soest, M., and Wartho, J. (2015). Constraints on the tectonic
and landscape evolution of the Bhutan Himalaya from thermochronometry. Tectonics, 34(6):1329–1347.
Adams, B., Whipple, K., Hodges, K., and Heimsath, A. (2016). In situ development of high-elevation, low-relief
landscapes via duplex deformation in the Eastern Himalayan hinterland, Bhutan. Journal of Geophysical
Research: Earth Surface, 121:294–319.
Adlakha, V., Lang, K. A., Patel, R. C., Lal, N., and Huntington, K. W. (2013). Rapid long-term erosion in the
rain shadow of the Shillong Plateau, Eastern Himalaya. Tectonophysics, 582:76–83.
Avdeev, B., Niemi, N. A., and Clark, M. K. (2011). Doing more with less: Bayesian estimation of erosion
models with detrital thermochronometric data. Earth and Planetary Science Letters, 305(3-4):385–395.
Balco, G., Stone, J. O., Lifton, N. A., and Dunai, T. J. (2008). A complete and easily accessible means
of calculating surface exposure ages or erosion rates from 10Be and 26Al measurements. Quaternary
geochronology, 3(3):174–195.
Bernet, M., van der Beek, P., Pik, R., Huyghe, P., Mugnier, J.-L., Labrin, E., and Szulc, A. (2006). Miocene to
Recent exhumation of the central Himalaya determined from combined detrital zircon fission-track and U/Pb
analysis of Siwalik sediments, western Nepal. Basin Research, 18(4):393–412.
Bierman, P. and Steig, E. J. (1996). Estimating rates of denudation using cosmogenic isotope abundances in
sediment. Earth surface processes and landforms, 21(2):125–139.
Bilham, R. and England, P. (2001). Plateau ’pop-up’ in the great 1897 Assam earthquake. Nature,
410(6830):806–809.
Biswas, S., Coutand, I., Grujic, D., Hager, C., Stöckli, D., and Grasemann, B. (2007). Exhumation and uplift
of the Shillong plateau and its influence on the eastern Himalayas: New constraints from apatite and zircon
(U-Th-[Sm])/He and apatite fission track analyses. Tectonics, 26(6).
Blöthe, J. H., Korup, O., and Schwanghart, W. (2015). Large landslides lie low: Excess topography in the
Himalaya-Karakoram ranges. Geology, 43(6):523–526.
Blott, S. J. and Pye, K. (2008). Particle shape: a review and new methods of characterization and classification.
Sedimentology, 55(1):31–63.
Bookhagen, B. and Burbank, D. W. (2006). Topography, relief, and TRMM-derived rainfall variations along
the Himalaya. Geophysical Research Letters, 33(8):L08405.
92
REFERENCES
Bookhagen, B. and Burbank, D. W. (2010). Toward a complete Himalayan hydrological budget: Spatiotemporal
distribution of snowmelt and rainfall and their impact on river discharge. Journal of Geophysical Research:
Earth Surface, 115(F3).
Bor, N. (1942). Relict vegetation of Shillong Plateau-Assam. Indian Forest Records (Botany), 3:153–195.
Bordet, P. (1971). Recherches géologiques dans l’Himalaya du Népal, région de la Thakkhola. Éd. du Centre
Nat. de la Recherche Scientif.
Bracciali, L., Najman, Y., Parrish, R. R., Akhter, S. H., and Millar, I. (2015). The Brahmaputra tale of tectonics
and erosion: Early Miocene river capture in the Eastern Himalaya. Earth and Planetary Science Letters,
415:25–37.
Braun, J. (2002). Quantifying the effect of recent relief changes on age-elevation relationships. Earth and
Planetary Science Letters, 200(3):331 – 343.
Braun, J. (2016). Strong imprint of past orogenic events on the thermochronological record. Tectonophysics,
683:325–332.
Braun, J., Guillocheau, F., Robin, C., Baby, G., and Jelsma, H. (2014). Rapid erosion of the Southern African
Plateau as it climbs over a mantle superswell. Journal of Geophysical Research: Solid Earth, 119(7):6093–
6112.
Brewer, I. D., Burbank, D. W., and Hodges, K. V. (2003). Modelling detrital cooling-age populations: Insights
from two Himalayan catchments. Basin Research, 15(3):305–320.
Bufe, A., Paola, C., and Burbank, D. W. (2016). Fluvial bevelling of topography controlled by lateral channel
mobility and uplift rate. Nature Geoscience, 9:706 – 710.
Carrapa, B., Faiz bin Hassim, M., Kapp, P. A., DeCelles, P. G., and Gehrels, G. (2017). Tectonic and erosional
history of southern Tibet recorded by detrital chronological signatures along the Yarlung River drainage.
Bulletin, 129(5-6):570–581.
Carretier, S., Regard, V., Vassallo, R., Martinod, J., Christophoul, F., Gayer, E., Audin, L., and Lagane, C.
(2015). A note on 10Be-derived mean erosion rates in catchments with heterogeneous lithology: examples
from the western Central Andes. Earth Surface Processes and Landforms, 40(13):1719–1729.
Clark, M. K. and Bilham, R. (2008). Miocene rise of the Shillong Plateau and the beginning of the end for the
Eastern Himalaya. Earth and Planetary Science Letters, 269(3-4):336–350.
Clift, P. D., Hodges, K. V., Heslop, D., Hannigan, R., Van Long, H., and Calves, G. (2008). Correlation of
Himalayan exhumation rates and Asian monsoon intensity. Nature Geoscience, 1(12):875–880.
Colchen, M. (1999). The Thakkhola-Mustang graben in Nepal and the late Cenozoic extension in the Higher
Himalayas. Journal of Asian Earth Sciences, 17(5-6):683–702.
Cottle, J. M., Jessup, M. J., Newell, D. L., Horstwood, M. S., Noble, S. R., Parrish, R. R., Waters, D. J., and
Searle, M. P. (2009). Geochronology of granulitized eclogite from the Ama Drime Massif: Implications for
the tectonic evolution of the South Tibetan Himalaya. Tectonics, 28(1).
Crouzet, C., Dunkl, I., Paudel, L., Arkai, P., Rainer, T. M., Balogh, K., and Appel, E. (2007). Temperature
and age constraints on the metamorphism of the Tethyan Himalaya in Central Nepal: A multidisciplinary
approach. Journal of Asian Earth Sciences, 30(1):113–130.
93
REFERENCES
De Corte, F., Bellemans, F., Van Den Haute, P., Ingelbrecht, C., and Nicholl, C. (1998). A new U doped glass
certified by the European Commission for the calibration of fission-track dating. In Advances in fission-track
geochronology, pages 67–78. Springer.
Deal, E., Favre, A.-C., and Braun, J. (2017). Rainfall variability in the Himalayan orogen and its relevance to
erosion processes. Water Resources Research, 53(5):4004–4021.
Devi, N. R. and Sarma, K. P. (2010). Strain analysis and stratigraphic status of Nongkhya, Sumer and
Mawmaram conglomerates of Shillong basin, Meghalaya, India. Journal of Earth System Science,
119(2):161–174.
Dodson, M. H. (1973). Closure temperature in cooling geochronological and petrological systems. Contributi-
ons to Mineralogy and Petrology, 40(3):259–274.
Donelick, R. A., O’Sullivan, P. B., and Ketcham, R. A. (2005). Apatite fission-track analysis. Reviews in
Mineralogy and Geochemistry, 58(1):49–94.
Dumitru, T. A. (1993). A new computer-automated microscope stage system for fission-track analysis. Nuclear
Tracks and Radiation Measurements, 21(4):575–580.
Duvall, A. R., Clark, M. K., Avdeev, B., Farley, K. A., and Chen, Z. (2012). Widespread late Cenozoic
increase in erosion rates across the interior of eastern Tibet constrained by detrital low-temperature
thermochronometry. Tectonics, 31(3).
Ehlers, T. and Farley, K. A. (2003). Apatite (U-Th)/He thermochronology: methods and applications to
problems in tectonic and surface processes. Earth Planet Sci Lett, 206(1-2):1–14.
Ehlers, T. A., Szameitat, A., Enkelmann, E., Yanites, B. J., and Woodsworth, G. J. (2015). Identifying spatial
variations in glacial catchment erosion with detrital thermochronology. Journal of Geophysical Research F:
Earth Surface, 120(6):1023–1039.
England, P. and Bilham, R. (2015). The Shillong Plateau and the great 1897 Assam earthquake. Tectonics,
34(9):1792–1812.
Farley, K. A. (2000). Helium diffusion from apatite: General behavior as illustrated by Durango fluorapatite.
Journal of Geophysical Research, 105(B2):2903–2914.
Farley, K. A., Wolf, R. A., and Silver, L. T. (1996). The effects of long alpha-stopping distances on (U - Th)/He
ages. Geochim. Cosmochim. Acta, 60(21):4223–4229.
Ferguson, E., Seeber, L., Steckler, M., Akhter, S., Mondal, D., and Lenhart, A. (2012). The Dauki Thrust
Fault and the Shillong Anticline: An incipient plate boundary in NE India? In AGU Fall Meeting Abstracts,
volume 1, page 2665.
Finnegan, N. J., Schumer, R., and Finnegan, S. (2014). A signature of transience in bedrock river incision rates
over timescales of 104-107 years. Nature, 505(7483):391–394.
Fort, M., Freytet, P., and Colchen, M. (1982). Structural and sedimentological evolution of the Thakkhola
Mustang graben (Nepal Himalayas). Zeitschrift für Geomorphologie, 42:75–98.
Fox, M., Leith, K., Bodin, T., Balco, G., and Shuster, D. L. (2015). Rate of fluvial incision in the Central
Alps constrained through joint inversion of detrital 10Be and thermochronometric data. Earth and Planetary
Science Letters, 411:27–36.
94
REFERENCES
Gansser, A. (1964). The Geology of the Himalaya. Wiley Interscience, New York, page 289 pp.
Garzanti, E. (1999). Stratigraphy and sedimentary history of the Nepal Tethys Himalaya passive margin. Journal
of Asian Earth Sciences, 17(5-6):805–827.
Garzanti, E., Baud, A., and Mascle, G. (1987). Sedimentary record of the northward flight of India and its
collision with Eurasia (Ladakh Himalaya, India). Geodinamica Acta, 1:297–312.
Garzanti, E., Nicora, A., Tintori, A., Sciunnach, D., and ANGIOLINI, L. (1994). Late Paleozoic stratigraphy
and petrography of the Thini Chu Group (Manang, Central Nepal): sedimentary record of Gondwana
glaciation and rifting of Neotethys. Rivista Italiana di Paleontologia e Stratigrafia (Research In Paleontology
and Stratigraphy), 100(2).
Garzione, C. N., DeCelles, P. G., Hodkinson, D. G., Ojha, T. P., and Upreti, B. N. (2003). East-west
extension and Miocene environmental change in the southern Tibetan plateau: Thakkola graben, central
Nepal. Geological Society of America Bulletin, 115(1):3–20.
Garzione, C. N., Dettman, D. L., Quade, J., DeCelles, P. G., and Butler, R. F. (2000). High times on the Tibetan
Plateau: Paleoelevation of the Thakkhola graben, Nepal. Geology, 28(4):339–342.
Ghosh, S., Fallick, A. E., Paul, D. K., and Potts, P. J. (2005). Geochemistry and origin of neoproterozoic
granitoids of Meghalaya, Northeast India: Implications for linkage with amalgamation of Gondwana
supercontinent. Gondwana Research, 8(3):421–432.
Gleadow, A., Duddy, I., and Lovering, J. (1983). Fission track analysis: a new tool for the evaluation of thermal
histories and hydrocarbon potential. The APPEA Journal, 23(1):93–102.
Godin, L. (2003). Structural evolution of the Tethyan sedimentary sequence in the Annapurna area, central
Nepal Himalaya. Journal of Asian Earth Sciences, 22(4):307–328.
Godin, L., Parrish, R. R., Brown, R. L., and Hodges, K. V. (2001). Crustal thickening leading to exhumation
of the Himalayan metamorphic core of central Nepal: Insight from U-Pb geochronology and 40Ar/39Ar
thermochronology. Tectonics, 20(5):729–747.
Govin, G. (2017). Tectonic-erosion interactions: insights from the paleo-drainage of the Brahmaputra River.
PhD thesis, Lancaster University.
Gradstein, F. M., Gibling, M., Sarti, M., Von Rad, U., Thurow, J., Ogg, J. G., Jansa, L. F., Kaminski, M., and
Westermann, G. (1991). Mesozoic Tethyan strata of Thakkhola, Nepal: evidence for the drift and breakup of
Gondwana. Palaeogeography, Palaeoclimatology, Palaeoecology, 88(3-4):193–218.
Granger, D. E., Kirchner, J. W., and Finkel, R. (1996). Spatially averaged long-term erosion rates measured
from in situ-produced cosmogenic nuclides in alluvial sediment. The Journal of Geology, 104(3):249–257.
Grujic, D., Coutand, I., Bookhagen, B., Bonnet, S., Blythe, A., and Duncan, C. (2006). Climatic forcing of
erosion, landscape, and tectonics in the Bhutan Himalayas. Geology, 34(10):801–804.
Hagen, T. (1968). Geology of the Thakkhola. Denkschr. schweiz. naturf. Ges, 86(2).
Hansen, M. C., Potapov, P. V., Moore, R., Hancher, M., Turubanova, S., Tyukavina, A., Thau, D., Stehman,
S., Goetz, S., Loveland, T., et al. (2013). High-resolution global maps of 21st-century forest cover change.
Science, 342(6160):850–853.
Hellborg, R. and Skog, G. (2008). Accelerator mass spectrometry. Mass spectrometry reviews, 27(5):398–427.
95
REFERENCES
Hodges, K., Parrish, R., and Searle, M. (1996). Tectonic evolution of the central Annapurna range, Nepalese
Himalayas. Tectonics, 15(6):1264–1291.
Hodges, K. V. (2000). Tectonics of the Himalaya and southern Tibet from two perspectives. Geological Society
of America Bulletin, 112(3):324–350.
Hodges, K. V., Wobus, C., Ruhl, K., Schildgen, T., and Whipple, K. (2004). Quaternary deformation, river
steepening, and heavy precipitation at the front of the Higher Himalayan ranges. Earth and Planetary science
letters, 220(3):379–389.
Hurford, A. J. and Green, P. F. (1983). The zeta age calibration of fission-track dating. Chemical Geology,
41:285–317.
Hurtado, J. J., Hodges, K. V., and Whipple, K. X. (2001). Neotectonics of the Thakkhola graben and
implications for recent activity on the South Tibetan fault system in the Central Nepal Himalaya. Bulletin of
the Geological Society of America, 113(2):222–240.
Hurtado, J. M. (2002). Tectonic Evolution of the Thakkahola Graben and Dhaulagiri Himalaya, Central Nepal.
PhD thesis, Massachusetts Institute of Technology.
Johnson, S. Y. and Nur Alam, A. M. (1991). Sedimentation and tectonics of the Sylhet trough, Bangladesh.
Geological Society of America Bulletin, 103(11):1513–1527.
Kali, E., Leloup, P., Arnaud, N., Mahéo, G., Liu, D., Boutonnet, E., Van der Woerd, J., Liu, X., Liu-Zeng,
J., and Li, H. (2010). Exhumation history of the deepest central Himalayan rocks, Ama Drime range: Key
pressure-temperature-deformation-time constraints on orogenic models. Tectonics, 29(2).
Kellett, D. A., Grujic, D., Coutand, I., Cottle, J., and Mukul, M. (2013). The South Tibetan detachment system
facilitates ultra rapid cooling of granulite-facies rocks in Sikkim Himalaya. Tectonics, 32(2):252–270.
Ketcham, R. A. (2005). Forward and inverse modeling of low-temperature thermochronometry data. Reviews
in mineralogy and geochemistry, 58(1):275–314.
Ketcham, R. A., Carter, A., Donelick, R. A., Barbarand, J., and Hurford, A. J. (2007). Improved modeling of
fission-track annealing in apatite. American Mineralogist, 92(5-6):799–810.
Ketcham, R. A., Gautheron, C., and Tassan-Got, L. (2011). Accounting for long alpha-particle stopping
distances in (U-Th-Sm)/He geochronology: Refinement of the baseline case. Geochimica et Cosmochimica
Acta, 75(24):7779–7791.
Kirby, E. and Whipple, K. X. (2012). Expression of active tectonics in erosional landscapes. Journal of
Structural Geology, 44:54–75.
Kohl, C. and Nishiizumi, K. (1992a). Chemical isolation of quartz for measurement of in-situ-produced
cosmogenic nuclides. Geochimica et Cosmochimica Acta, 56(9):3583–3587.
Kohl, C. P. and Nishiizumi, K. (1992b). Chemical isolation of quartz for measurement of in-situ -produced
cosmogenic nuclides. Geochimica et Cosmochimica Acta, 56(9):3583–3587.
Kowalewski, M. and Rimstidt, J. D. (2003). Average Lifetime and Age Spectra of Detrital Grains: Toward a
Unifying Theory of Sedimentary Particles. The Journal of Geology, 111(4):427–439.
Lague, D., Hovius, N., and Davy, P. (2005). Discharge, discharge variability, and the bedrock channel profile.
Journal of Geophysical Research: Earth Surface, 110(F4).
96
REFERENCES
Lal, D. (1991). Cosmic ray labeling of erosion surfaces: in situ nuclide production rates and erosion models.
Earth and Planetary Science Letters, 104(2-4):424–439.
Laslett, G., Kendall, W., Gleadow, A., and Duddy, I. (1982). Bias in measurement of fission-track length
distributions. Nuclear Tracks and Radiation Measurements (1982), 6(2-3):79–85.
Le Fort, P. (1986). Metamorphism and magmatism during the Himalayan collision. Geological Society, London,
Special Publications, 19(1):159–172.
Le Fort, P. and France-Lanord, C. (1995). Granites from Mustang and surrounding regions (Central Nepal).
Journal of Nepal Geological Society, 11:53–57.
Leloup, P. H., Liu, X., Mahéo, G., Paquette, J.-L., Arnaud, N., Aubray, A., and Liu, X. (2015). New constraints
on the timing of partial melting and deformation along the Nyalam section (central Himalaya): implications
for extrusion models. Geological Society, London, Special Publications, 412(1):131–175.
Malusà, M. G., Resentini, A., and Garzanti, E. (2016). Hydraulic sorting and mineral fertility bias in detrital
geochronology. Gondwana Research, 31:1–19.
McCallister, A. T., Taylor, M. H., Murphy, M., Styron, R. H., and Stockli, D. F. (2014). Thermochronologic
constraints on the late Cenozoic exhumation history of the Gurla Mandhata metamorphic core complex,
Southwestern Tibet. Tectonics, 33(2):27–52.
McDermott, J. A., Hodges, K. V., Whipple, K. X., Van Soest, M. C., and Hurtado Jr, J. M. (2015). Evidence for
Pleistocene low-angle normal faulting in the Annapurna-Dhaulagiri Region, Nepal. The Journal of Geology,
123(2):133–151.
McQuarrie, N. and Ehlers, T. A. (2015). Influence of thrust belt geometry and shortening rate on thermo-
chronometer cooling ages: Insights from thermokinematic and erosion modeling of the Bhutan Himalaya.
Tectonics, 34(6):1055–1079.
Menéndez, I., Silva, P. G., Martín-Betancor, M., Pérez-Torrado, F. J., Guillou, H., and Scaillet, S. (2008).
Fluvial dissection, isostatic uplift, and geomorphological evolution of volcanic islands (Gran Canaria, Canary
Islands, Spain). Geomorphology, 102(1):189–203.
Migon´, P. and Prokop, P. (2013). Landforms and landscape evolution in the Mylliem Granite Area, Meghalaya
Plateau, Northeast India. Singapore Journal of Tropical Geography, 34(2):206–228.
Murphy, M. A. and Copeland, P. (2005). Transtensional deformation in the central Himalaya and its role in
accommodating growth of the Himalayan orogen. Tectonics, 24(4):n/a–n/a. TC4012.
Nagy, C., Godin, L., Antolín, B., Cottle, J., and Archibald, D. (2015). Mid-Miocene initiation of orogen-parallel
extension, NW Nepal Himalaya. Lithosphere, 7(5):483–502.
Najman, Y., Appel, E., Boudagher-Fadel, M., Bown, P., Carter, A., Garzanti, E., Godin, L., Han, J., Liebke, U.,
Oliver, G., Parrish, R., and Vezzoli, G. (2010). Timing of India-Asia collision: Geological, biostratigraphic,
and palaeomagnetic constraints. Journal of Geophysical Research: Solid Earth, 115(B12):n/a–n/a.
Najman, Y., Bracciali, L., Parrish, R. R., Chisty, E., and Copley, A. (2016). Evolving strain partitioning in the
Eastern Himalaya: The growth of the Shillong Plateau. Earth and Planetary Science Letters, 433:1–9.
Najman, Y., Jenks, D., Godin, L., Boudagher-Fadel, M., Millar, I., Garzanti, E., Horstwood, M., and Bracciali,
L. (2017). The Tethyan Himalayan detrital record shows that India–Asia terminal collision occurred by 54
Ma in the Western Himalaya. Earth and Planetary Science Letters, 459:301–310.
97
REFERENCES
Niemi, N. A., Oskin, M., Burbank, D. W., Heimsath, A. M., and Gabet, E. J. (2005). Effects of bedrock
landslides on cosmogenically determined erosion rates. Earth and Planetary Science Letters, 237(3):480–
498.
Orme, D. A., Reiners, P. W., Hourigan, J. K., and Carrapa, B. (2015). Effects of inherited cores and magmatic
overgrowths on zircon (U-Th)/He ages and age-eU trends from Greater Himalayan sequence rocks, Mount
Everest region, Tibet. Geochemistry, Geophysics, Geosystems, 16(8):2499–2507.
Portenga, E. W. and Bierman, P. R. (2011). Understanding earth’s eroding surface with 10Be. GSA Today,
21(8):4–10.
Portenga, E. W., Bierman, P. R., Duncan, C., Corbett, L. B., Kehrwald, N. M., and Rood, D. H. (2015). Erosion
rates of the Bhutanese Himalaya determined using in situ-produced 10Be. Geomorphology, 233(July):112–
126.
Prokop, P. and Poreba, G. (2012). Soil erosion associated with an upland farming system under population
pressure in Northeast India. Land Degradation & Development, 23(4):310–321.
Ratschbacher, L., Frisch, W., Liu, G., and Chen, C. (1994). Distributed deformation in southern and
western Tibet during and after the India-Asia collision. Journal of Geophysical Research: Solid Earth,
99(B10):19917–19945.
Reiners, P., Thomson, S., McPhillips, D., Donelick, R., and Roering, J. (2007). Wildfire thermochronology
and the fate and transport of apatite in hillslope and fluvial environments. Journal of Geophysical Research:
Earth Surface, 112(F4).
Reiners, P. W. and Brandon, M. T. (2006). Using thermochronology to understand orogenic erosion. Annu. Rev.
Earth Planet. Sci., 34:419–466.
Roller, S., Wittmann, H., Kastowski, M., and Hinderer, M. (2012). Erosion of the Rwenzori Mountains, East
African Rift, from in situ-produced cosmogenic10Be. Journal of Geophysical Research: Earth Surface,
117(F3).
Rowley, D. B. and Garzione, C. N. (2007). Stable isotope-based paleoaltimetry. Annu. Rev. Earth Planet. Sci.,
35:463–508.
Ruhl, K. W. and Hodges, K. V. (2005). The use of detrital mineral cooling ages to evaluate steady state
assumptions in active orogens: An example from the central Nepalese Himalaya. Tectonics, 24(4):1–14.
Ruszkiczay-Rüdiger, Z., Fodor, L., Horváth, E., and Telbisz, T. (2009). Discrimination of fluvial, eolian
and neotectonic features in a low hilly landscape: A DEM-based morphotectonic analysis in the Central
Pannonian Basin, Hungary. Geomorphology, 104(3):203–217.
Sambridge, M. (1999). Geophysical inversion with a neighbourhood algorithm—II. Appraising the ensemble.
Geophysical Journal International, 138(3):727–746.
Schildgen, T. F., Cosentino, D., Bookhagen, B., Niedermann, S., Yildirim, C., Echtler, H., Wittmann, H., and
Strecker, M. R. (2012). Multi-phased uplift of the southern margin of the Central Anatolian plateau, Turkey:
A record of tectonic and upper mantle processes. Earth and Planetary Science Letters, 317-318:85–95.
Schmidt, A. H., Neilson, T. B., Bierman, P. R., Rood, D. H., Ouimet, W. B., and Gonzalez, V. S. (2016).
Influence of topography and human activity on apparent in situ 10 Be-derived erosion rates in Yunnan, SW
China. Earth Surface Dynamics, 4(4):819.
98
REFERENCES
Schwanghart, W. and Scherler, D. (2014). Short Communication: TopoToolbox 2 - MATLAB-based software
for topographic analysis and modeling in Earth surface sciences. Earth Surface Dynamics, 2(1):1–7.
Searle, M. P., Weinberg, R. F., and Dunlap, W. J. (1998). Transpressional tectonics along the Karakoram fault
zone, northern Ladakh: constraints on Tibetan extrusion. Geological Society, London, Special Publications,
135(1):307–326.
Seeber, L. and Armbruster, J. (1984). Some elements of continental subduction along the Himalayan front.
Tectonophysics, 105(1-4):263–278.
Seeber, L. and Pêcher, A. (1998). Strain partitioning along the Himalayan arc and the Nanga Parbat antiform.
Geology, 26(9):791–794.
Sheather, S. J. and Jones, M. C. (1991). A reliable data-based bandwidth selection method for kernel density
estimation. Journal of the Royal Statistical Society. Series B (Methodological), pages 683–690.
Shen, T., Wang, G., Leloup, P. H., Beek, P., Bernet, M., Cao, K., Wang, A., Liu, C., and Zhang, K. (2016).
Controls on Cenozoic exhumation of the Tethyan Himalaya from fission-track thermochronology and detrital
zircon U-Pb geochronology in the Gyirong basin area, southern Tibet. Tectonics, 35(7):1713–1734.
Shuster, D. L. and Farley, K. A. (2004). 4He/3He thermochronometry. Earth and Planetary Science Letters,
217(1-2):1–17.
Sobel, E. R. and Strecker, M. R. (2003). Uplift, exhumation and precipitation: tectonic and climatic control
of Late Cenozoic landscape evolution in the northern Sierras Pampeanas, Argentina. Basin Research,
15(4):431–451.
Soja, R. and Starkel, L. (2007). Extreme rainfalls in Eastern Himalaya and southern slope of Meghalaya Plateau
and their geomorphologic impacts. Geomorphology, 84(3):170–180.
Spiegel, C., Kohn, B., Belton, D., Berner, Z., and Gleadow, A. (2009). Apatite (U–Th–Sm)/He thermochro-
nology of rapidly cooled samples: the effect of He implantation. Earth and Planetary Science Letters,
285(1):105–114.
Steckler, M. S., Akhter, S. H., and Seeber, L. (2008). Collision of the Ganges–Brahmaputra Delta with the
Burma Arc: implications for earthquake hazard. Earth and Planetary Science Letters, 273(3):367–378.
Stock, G. M., Ehlers, T. A., and Farley, K. A. (2006). Where does sediment come from? Quantifying catchment
erosion with detrital apatite (U-Th)/He thermochronometry. Geology, 34(9):725–728.
Tapponnier, P., Peltzer, G., Le Dain, A., Armijo, R., and Cobbold, P. (1982). Propagating extrusion tectonics in
Asia: New insights from simple experiments with plasticine. Geology, 10(12):611–616.
Taylor, M. and Yin, A. (2009). Active structures of the Himalayan-Tibetan orogen and their relationships to
earthquake distribution, contemporary strain field, and Cenozoic volcanism. Geosphere, 5(3):199–214.
Tochilin, C. J., Reiners, P. W., Thomson, S. N., Gehrels, G. E., Hemming, S. R., and Pierce, E. L. (2012).
Erosional history of the Prydz Bay sector of East Antarctica from detrital apatite and zircon geo-and
thermochronology multidating. Geochemistry, Geophysics, Geosystems, 13(11).
Tranel, L. M., Spotila, J. A., Kowalewski, M. J., and Waller, C. M. (2011). Spatial variation of erosion in a
small, glaciated basin in the Teton Range, Wyoming, based on detrital apatite (U-Th)/He thermochronology.
Basin Research, 23(5):571–590.
99
REFERENCES
van der Beek, P., Robert, X., Mugnier, J.-L., Bernet, M., Huyghe, P., and Labrin, E. (2006). Late Miocene–
recent exhumation of the central Himalaya and recycling in the foreland basin assessed by apatite fission-
track thermochronology of Siwalik sediments, Nepal. Basin Research, 18(4):413–434.
Vermeesch, P. (2004). How many grains are needed for a provenance study? Earth and Planetary Science
Letters, 224(3):441–451.
Vermeesch, P. (2007). Quantitative geomorphology of the White Mountains (California) using detrital apatite
fission track thermochronology. Journal of Geophysical Research: Earth Surface, 112(F3).
Vermeesch, P. (2012). On the visualisation of detrital age distributions. Chemical Geology, 312:190–194.
Vermeesch, P. (2013). Multi-sample comparison of detrital age distributions. Chemical Geology, 341:140–146.
Vernant, P., Bilham, R., Szeliga, W., Drupka, D., Kalita, S., Bhattacharyya, A., Gaur, V., Pelgay, P., Cattin, R.,
and Berthet, T. (2014). Clockwise rotation of the Brahmaputra Valley relative to India: Tectonic convergence
in the eastern Himalaya, Naga Hills, and Shillong Plateau. Journal of Geophysical Research: Solid Earth,
119(8):6558–6571.
von Blanckenburg, F. (2004). Cosmogenic nuclide evidence for low weathering and denudation in the wet,
tropical highlands of Sri Lanka. Journal of Geophysical Research, 109(F3):F03008.
von Blanckenburg, F. (2005). The control mechanisms of erosion and weathering at basin scale from cosmogenic
nuclides in river sediment. Earth and Planetary Science Letters, 237(3-4):462–479.
Whipp, D. M., Beaumont, C., and Braun, J. (2014). Feeding the "aneurysm": Orogen-parallel mass transport
into Nanga Parbat and the western Himalayan syntaxis. Journal of Geophysical Research: Solid Earth,
119(6):5077–5096.
Whipple, K. X. (2004). Bedrock rivers and the geomorphology of active orogens. Annu. Rev. Earth Planet. Sci.,
32:151–185.
Willett, S. D. and Brandon, M. T. (2013). Some analytical methods for converting thermochronometric age to
erosion rate. Geochemistry, Geophysics, Geosystems, 14(1):209–222.
Wolf, R., Farley, K., and Kass, D. (1998). Modeling of the temperature sensitivity of the apatite (U–Th)/He
thermochronometer. Chemical Geology, 148(1):105–114.
Worm, H.-U., Ahmed, A., Ahmed, N., Islam, H., Huq, M., Hambach, U., and Lietz, J. (1998). Large sedi-
mentation rate in the Bengal Delta: magnetostratigraphic dating of Cenozoic sediments from northeastern
Bangladesh. Geology, 26(6):487–490.
Xu, Z., Wang, Q., Pêcher, A., Liang, F., Qi, X., Cai, Z., Li, H., Zeng, L., and Cao, H. (2013). Orogen-parallel
ductile extension and extrusion of the Greater Himalaya in the late Oligocene and Miocene. Tectonics,
32(2):191–215.
Yin, A. (2006). Cenozoic tectonic evolution of the Himalayan orogen as constrained by along-strike variation of
structural geometry, exhumation history, and foreland sedimentation. Earth-Science Reviews, 76(1-2):1–131.
Yin, A., Dubey, C. S., Webb, A. A. G., Kelty, T. K., Grove, M., Gehrels, G. E., and Burgess, W. P. (2010).
Geologic correlation of the Himalayan orogen and Indian craton: Part 1. Structural geology, U-Pb zircon
geochronology, and tectonic evolution of the Shillong Plateau and its neighboring regions in NE India.
Bulletin of the Geological Society of America, 122(3-4):336–359.
Yin, A. and Harrison, T. M. (2000). GEOLOGIC EVOLUTION OF THE HIMALAYAN- TIBETAN OROGEN.
Annu. Rev. Earth Planet. Sci, 28:211–80.
100
